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ABSTRACT OF THE RESEARCH 
This thesis presents the experimental and theoretical investigation carried out on a typical 
Mixed-mode Natural Convection Solar Crop Dryer (MNCSCD) design. The ultimate aim 
of the study is to develop a simulation model to be used as an aid for future designs of such 
dryers. 
Experiments were carried out on two MNCSCD's of similar construction: a small-scale 
model (laboratory) and a commercial-scale (field) version. The laboratory model, with a 
loading capacity of 3 kg of wet agricultural produce, was designed and constructed at De 
Montfort University, Leicester. The field model, an existing dryer in Ghana (designed 
previously by the author) with a capacity for 1000 to 1500 kg of wet agricultural produce, 
was basically similar to the laboratory one but with two air-heaters and two drying 
chambers joined back to back with no separating wall. 
In all, thirteen tests- three under no load and ten under load conditions- were conducted on 
the laboratory dryer for three different configurations of a Single-Pass Double-Duct Solar 
Air-Heater type (SPDDSAH). Three tests under load conditions were also conducted on 
the field dryer. The two-set ups were adequately instrumented. 
A mathematical model capable of predicting the performance of the MNCSCD was 
developed in parallel with the experimental work. The model is based on a one- 
dimensional steady-state operation of the system and comprises a set of coupled non-linear 
and partial differential equations, discretised using finite difference techniques. A 
computer code was written using FORTRAN 77 to solve the set of equations simulating 
the air-heating and drying processes. The simulation results were validated with 
experimental data from the two set-ups and the simulation model was subsequently fine 
tuned. 
Parametric studies were conducted using the resulting simulation model to investigate the 
effect of a number of parameters on the performance of the system. Results obtained 
indicate that for the proposed system a significant improvement can be made by: 
" maintaining the ratio of the drying bed cross-sectional area to the air-heater surface 
area of at least 1: 1, 
" increasing the volume of the drying chamber for a given drying surface area, 
" increasing the thermal mass of the drying chamber, 
" employing the ratio of the chimney exit air vent area to air-heater inlet vent area in 
the neighbourhood of 4: 5, 
" using the SPDDSAH with a length to width ratio ranging from 1: 1 to 2: 1 and a top 
to bottom air channel depth ratio between 1: 1 and 7: 2, and 
" employing shorter external chimney. 
The combined experimental and theoretical programme has provided a valuable insight into 
the usefulness of using the simulation model as an aid for achieving efficient designs of the 
MNCSCD in the future. 
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NOMENCLATURE 
Below is a partial listing of the symbols used throughout the thesis. Those symbols that are used 
infrequently or dropped out are defined locally. In some cases reference is made to the equations in which 
these symbols are used. 
a", b" empirical constants in the Angstrom relation 
av heat transfer area per unit volume of drying bed 1/m 
A,, surface area of the crop bed for heat transfer and evaporation m2 
Ado drying chamber cross-sectional area m2 
A, primary collector or air-heater surface area m2 
AT total surface area of primary and secondary collector areas m2 
A. ratio of outside unwetted surface area to the evaporating surface 
of a wet product 
AP surface area of a drying bed m2 
AP absorber plate area m2 
B breadth of drying chamber in 
CPI specific heat capacity of water J/kg K 
CPw specific heat capacity of water vapour J/kg K 
CP specific heat capacity J/kg K 
C, 
,s specific 
heat capacity of the sample J/kg K 
Cpa specific heat capacity of air J/kg K 
C, specific heat of calorimeter J/kg K 
C"m" equivalent heat capacity of the drying chamber J/kg K 
de equivalent diameter of product particle in 
d, thickness of a material, drying bed thickness in 
d,,; hydraulic mean depth of an air-heater duct in 
D diffusion coefficient m2/s 
Eb activation or binding energy for diffusion kJ/kmol 
f friction factor 
f,, mass transfer coefficient (equation 2.21) (kg/s in 2 ). Pa 
FR primary collector heat removal factor 
g gravitational constant m/s2 
Gr Grashof number 
G, solar constant W/m2 
G. air-mass flux kg/s. m2 
h' vertical height of air column of the primary collector ft 
h heat transfer coefficient W/m2 
he convective heat transfer coefficient W/m2 K 
hcs surface heat transfer coefficient W/m2 K 
hev volumetric heat transfer coefficient W/m3 K 
H absolute humidity (Equation 2.126) kg,. Jkgajr 
Hs saturated absolute humidity kgvv/kgair 
h, total heat transfer coefficient W/m2 K 
Nomenclature 
xvii 
h fg heat of vaporisation of free water J/kg K 
hL depth of a drying bed m 
h, 
Pc radiation 
heat transfer coefficient from an air-heater absorber 
plate to the cover W/m2 K 
h, 
pb radiation 
heat transfer coefficient from an air-heater absorber 
plate to the base plate W/m2 K 
hw wind heat transfer coefficient W/m2 K 
h,, 
cs radiant 
heat transfer from collector cover to the sky W/m2 K 
H Height of hot air column m 
Hd monthly average daily diffuse radiation on a horizontal plane J/m2 
H. extraterrestrial irradiance on a horizontal plane W/m2 
H monthly average daily radiation on a horizontal plane J/m2 
Hr monthly average daily radiation on a tilted plane J/m2 
energy incident on collector cover per unit area per unit time W/m2 
1C average hourly irradiation J/m2 
JM defined as (J - 1) in Appendix B on page 291 
k thermal conductivity 
K drying constant 1/s 
Kr monthly average daily clearness index 
L length of primary collector m 
L' length ft 
L, heat of evaporation of moisture from a product J/kg K 
L9, 
what 
heat of evaporation moisture from wheat J/kg K 
L, ' heat of vaporisation of adsorbed product moisture J/kg K 
m mass kg 
m, mass of a solid or product kg 
m air mass flow rate kg/s 
M moisture content decimal 
MI equilibrium moisture content decimal 
MI critical moisture content decimal 
Mc, 
wb moisture content 
(wet basis) decimal 
M,, d. b moisture content (dry basis) decimal 
Mf, d. b final moisture content, dry basis decimal 
Mf w. b final moisture content, wet basis 
decimal 
Mi. db initial moisture content, dry basis decimal 
mw mass of water removed from a wet product kg 
MR moisture content ratio of a product or material decimal 
n hours of bright sunshine in a day h 
n monthly average daily hours of bright sunshine h 
day of the year 
N maximum average of maximum possible hours of bright sunshine h 
Nd, average drying time over a day h 
Nu Nusselt number 
P pressure, (N/m2) or air-heater top to bottom channel depth ratio (no units) 
Nomenclature 
P,,, db 
P. L 
P, 
P,, 
Pr 
4. 
Q 
0 
rý 
R 
Rb 
R 
Ry 
R 
Re 
Ra 
R. 
Rb 
RH 
s 
SP 
S 
Sc 
SP 
t 
Ta 
TL 
Ta, bs 
Tlk 
TdP 
Tf 
Tf 
T. 
TP 
T, 
Tb 
Tf. 
Tf. z 
TP 
t 
xviii 
partial pressure of water vapour in moist air evaluated at Td` N/m2 
critical pressure of water (212 bar) bar 
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CHAPTER ONE 
INTRODUCTION 
1.1 Background 
With the growing world population the provision of adequate food supply has assumed 
vital importance. The total population of the world in mid-1994 was estimated at 
5,630 million, compared with 3,019 million in 1960 and 2,070 million in 1930 (Anon., 
1994). By the end of the century, it is projected that the world population will increase to 
6,158 million (Whitakker's Almanac, 1997). In the developing countries, where two-thirds 
of the world's population live, about 800 million people are chronically undernourished 
(Diouf, 1993). Although this figure is projected to drop to 730 million in 2010, it still 
represents an appalling level of suffering and wasted human potential. To cope with 
current and future demand of adequate food supply, three lines of action have been 
emphasised (Karel et al, 1975): (1) reducing future demand by reducing population growth, 
(2) augmenting food supply by expanding production, and (3) reducing food losses 
between harvesting and consumption. The third line of action has an added advantage in 
the fact that it provides for now as well as for future. It requires the provision of processes 
or preservation techniques that optimise the factors of cost, nutritional quality, 
environmental impact, and consumption of resources and energy. 
Thermal drying has been, and is, the most common method of preserving and increasing 
the marketability of agricultural products world-wide. Mechanical dryers are widely used 
for crop drying and are capable of providing high quality products with minimum post- 
harvest losses. However, these dryers have high initial and running costs and in addition 
they require a source of fuel other than solar energy for heating the drying air and for 
providing motive power to drive the equipment accessories such as fans and motors. The 
ever-increasing price, and possible depletion globally, of fossil fuel and/or the absence of 
electricity in most farming communities in developing countries present barriers to their 
adoption by rural farmers. Mechanical thermal drying is an energy-intensive operation 
(Keey, 1978), and ways of reducing the use of heat energy required have constantly been 
sought. To exemplify the above, the capacity and energy consumption pattern for selected 
mechanical thermal dryers are presented in Table 1.1 Besides these limitations, from the 
2 
environmental point of view, potentially the most serious threat to the wider application of 
mechanical dryers is that of climate change, caused by atmospheric pollution from the 
burning of fossil fuels. The above scenario suggests that the development of a crop drying 
system that uses a cost-effective and a sustainable energy source for rural application will 
be useful. 
Table 1.1: Capacity and energy consumption pattern for selected mechanical dryers. 
Typical evaporation capacity 
Dryer type (kg H20/h. m or kg H20/h. m3) 
Tunnel dryer - 
Band dryer - 
Impingement dryer 50 
Rotary dryer 
Fluid bed - 
Flash dryer 
Spray dryer 
Drum dryer (for pastes) 6-20 
Source: Mujumdar and Menon, 1995. 
30 - 80 
Typical energy consumption 
(Id/kg H2O evaporated) 
5500 - 6000 
4000 - 6000 
5000 - 7000 
4600 - 9200 
4000 - 6000 
5-100 4500 - 6000 
1-30 4500 - 11,500 
3200 - 6500 
Traditionally, the open sun-drying has been used in most tropical and warm countries for 
drying agricultural and other products since time immemorial. This method remains to a 
large extent the predominant method for drying agricultural products in Ghana. The 
method entails spreading the crop thinly on bare ground or on a raised platform in the sun. 
The product is stirred and turned over periodically to ensure adequate exposure to the 
incident solar radiation. Solar energy incident on the crop vaporises its water content, and 
ambient air picks this moisture up and carries it away. Unfortunately, the tropics are 
characterised by hot damp climates and therefore the relative humidity of the ambient air is 
high. Hence, the moisture carrying capacity of the ambient air is low leading to slow rates 
of drying by the traditional sun-drying technique. In Ghana, this inefficient traditional 
drying technique is used by the rural and commercial farmers to dry about 90 % of the total 
agricultural produce (Dapaah, 1991). Though the traditional method of drying crops is 
cheap and environmentally friendly (no generation of pollutants or emissions); yet it is 
labour intensive, and requires a large area of land to dry a relatively small quantity of crop. 
In addition, the method provides no control over the drying process and no crop protection 
against unexpected rain and/or strong wind. Furthermore, the crop being dried is often 
subject to contamination by dirt and infestation by insects, rodents, moulds, pests, etc. All 
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these problems result in a poor quality dried product and in post-harvest losses (for 
example, in Ghana the figure can be as high as 20 to 30 %). The economic consequences 
to the farmer and to the country arising from these losses can be substantial. 
Solar-energy drying in enclosed structures, an elaboration of the traditional sun-drying 
method, provides an efficient system of using the solar energy reaching the earth's surface. 
It is also an attractive way of lowering post-harvest losses associated with traditional 
drying method. Bassey et al, (1986) describe several successful attempts at developing 
solar dryers in Africa for drying commodities such as timber, rice, onions, vegetables, 
maize, pyrethrum, and fish. The designs described include: cabinet dryers, mixed-mode 
dryers with and without chimneys, indirect dryers with and without chimneys and through- 
flow dryers. Results obtained from comparative tests, (both predictive and physical 
experiments), on these dryers suggested that the performance of the mixed-mode crop- 
dryer was potentially most effective (Zaman and Bala, 1989; Garba et al, 1990). The 
mixed-mode solar crop dryer appears to be particularly promising in tropical areas where 
climatic conditions favour sun drying of agricultural products. Results (Forson et al, 1996) 
from preliminary studies on two commercial-scale mixed mode solar crop dryers at Agona- 
Asafo in Ghana are quite encouraging, and on the whole user-acceptability has been good. 
The dryers are in use presently and, subject to their performance, similar dryers could be 
introduced in other parts of the country. For future large scale application, possible 
changes in the current design are desirable to improve their overall efficiency. 
The ever increasing price of fossil fuels coupled with their potentially diminishing 
availability, and public concern about environmental protection focuses interest in using 
the power of the sun as the energy source for the drying of agricultural products. 
Furthermore, solar energy represents a totally non-polluting inexhaustible energy resource 
that can be used economically to supply the world's energy needs for all time. 
Ghana lies in the tropics between 40 451 N and 11° 11/ N parallels of latitude. The annual 
average solar radiation received in different parts of the country ranges from 
15.84 - 20.16 MJ/m2-day (4.4 to 5.6 kWh/m2-day). Mean annual sunshine duration is in 
the range of 1800 to 2820 hours, with very little seasonal variation. These conditions make 
the use of solar energy for drying crops particularly attractive. 
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Forson (1993), designed and evaluated a prototype mixed-mode natural convection solar 
crop dryer (MNCSCD) for drying maize that served as the basis for the construction of two 
commercial solar crop dryers for drying pepper, at Agona-Asafo in the central region of 
Ghana. Experimental results from tests on these two dryers alone may not fully reflect the 
performance of such dryers under varied geographical sites. To fully investigate the effect 
of design variables on the system performance would involve studying the implications of 
a number of different configurations under varied operating conditions. In order to achieve 
an optimal design, data from long-term extensive experimentation on several designs 
operating under different climatic conditions is required. This exercise will be time 
consuming and costly for the prototype development of the dryer. The alternative is to 
perform experiments on small-scale models. The resulting information, however, must be 
extrapolated to full scale. The specific rules for doing this are in most cases unavailable. 
Furthermore, the small-scale model cannot simulate all the features of the full-scale 
system. Alternatively, a mathematical model of the physical system can be developed and 
used for investigating the effect of changes in the design and operating conditions on 
performance at a relatively low cost. Simulation models, as noted by Diamante and Munro 
(1991a), are needed in the development of dryer designs and in the operation of drying 
systems. 
A simulation study is a powerful tool for system design, for study of new systems, and for 
understanding how existing systems function and how they can be improved. Simulation 
studies on the MNCSCD can give the same kind of thermal performance information as 
can be obtained from physical experiments. They are also relatively quick and 
inexpensive, and can be used to provide information on the effects of variable changes on 
system performance by a series of experiments. Another advantage of a theoretical study is 
its ability to simulate ideal conditions. On the other hand, even a carefully executed 
experiment can barely approximate the idealisation. Nevertheless, there are limits to what 
can be done with simulation studies since there is uncertainty about the extent to which the 
predicted results will agree with reality. It is therefore important that predicted results 
from a simulation study are compared with a carefully selected experimental data. 
Hall (1980) contends that the solution to a mathematical model of a physical system is 
practically useless until it has been tested by comparing the predicted output with 
experimentally determined data. Therefore, carefully executed physical experiments are 
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essential. Such physical experiments will reveal if the theory is adequate and where 
difficulties lie in the design and the operation of the MNCSCD. At best, a judicious 
combination of numerical simulation and physical experiment will lead to a better 
understanding of how the system works, and a better knowledge of what difficulties can be 
expected and what can be done about them, and what logical steps should be taken to 
improve on existing designs. Once the theoretical results have been verified with results 
from carefully chosen physical experimental data and the validity of the model established, 
an optimal design can be achieved with confidence using the simulation methods (within 
the limits imposed by the assumptions on which the mathematical model was based). 
It is intended in this study to develop an integrated computer code, to aid in the design and 
performance prediction of a MNCSCD, and to validate the model against experimental 
data. Figure 1.1 illustrates the schematic diagram of a conceptual design of such a solar 
drying system. 
iý-ý Air out 
Transparent chimney 
Transparent drying chamber 
Solar air-heater 
Air 
in 
. 
Figure 1.1: Schematic illustration of a mixed-mode natural convection solar crop dryer 
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1.2 Objectives of the study 
The aim of this research is to develop a computer code for the design and performance 
prediction of MNCSCD's. The specific objectives are to: 
1) design, construct and test a small-scale laboratory model. The main 
purpose of the experimentation is to verify some portions of the theories 
and assumptions that are used in developing the simulation procedure. 
2) develop an integrated mathematical model for the proposed system which 
involves principally incorporating the design model, the solar air-heating 
model, and the drying model. 
3) evaluate the overall performance of the proposed system by carrying out 
appropriate numerical predictions including: 
" determining the air-heater configuration for optimising performance; 
" determining the drying chamber dimensions for a given load; 
" simulating the drying process at the state of the heated air entering the 
drying chamber, 
4) carry out tests on a commercial scale MNCSCD located in Ghana; 
5) achieve a methodology for the design of mixed mode solar crop dryers; and 
6) investigate the suitability of using the proposed mathematical model as a 
design aid. 
1.3 Methodology and technical approach 
To develop a mathematical model capable of accurately simulating the performance of the 
proposed drying system, the following tasks were undertaken: 
" an extensive literature search to establish the theoretical base and the needed empirical 
relations required to formulate the models 
"a small-scale laboratory model of the prototype dryer was designed and constructed 
" series of experiments on the small-scale laboratory model of the proposed system were 
conducted 
" experiments on a commercial size solar dryer were conducted 
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" the computer code developed was run simulating the performance of the dryer 
operating under varied conditions 
" the predicted results were compared with the experimental data and the model was 
finely tuned and validated. 
1.4 Organisation of the report 
This thesis is organised in seven main chapters. Chapter 1, the introductory chapter, 
provides the socio-economic- and technical background information. It outlines the 
objectives of the study and the methodology adopted in solving the problem at stake. A 
summary of the organisation of the report is also provided in chapter 1. Chapter 2 provides 
a literature review related to the fundamentals of crop drying, the theoretical and 
experimental studies on solar crop drying, and crop drying simulation techniques. The 
state of the art regarding the design and simulation studies on solar crop drying is also 
presented. The description of the commercial-scale and laboratory dryers, and the 
experimental set-ups and procedures are presented in Chapter 3. The mathematical model 
developed for the design and predictions of the performance of the proposed dryer 
configuration is provided in Chapter 4. In Chapter 5 the results and discussion of all the 
tests, both in the laboratory and the field studies are presented, while the simulation results 
are presented and discussed in Chapter 6. This chapter also includes a comparison of the 
predicted and experimental results. Chapter 7 presents the conclusions and suggestions for 
further work. 
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CHAPTER TWO 
LITERATURE REVIEW 
2.0 Introduction 
As noted by Kerkhof (1994), from a viewpoint of quantitative understanding, drying 
processes have the following special difficulties: 
" the physical processes are highly non-linear 
" they involve quite complicated exchange and interactive heat and mass transfer 
processes 
" the rate of drying depends on drying conditions, and may change within the course of 
drying. 
With these difficulties in focus, a thorough review of the fundamentals of drying theory is 
undertaken in this chapter in order to identify the type of information required to 
successfully design and model a drying system. This will not only help in the design of 
new dryers but will also improve the operation of existing equipment and aid in the 
selection of dryers for future projects. The chapter provides an overview of the physical, 
transport and thermodynamic properties of the wet product along with the psychrometric 
properties of the drying medium required as input parameters for developing a drying 
process model. The review also includes the theoretical and numerical models currently 
available for analysing crop drying processes in the conventional and solar crop-dryers. 
2.1 Fundamentals of drying. 
Drying, generally, refers to the thermal methods of removing liquid from a solid by means 
of evaporation. In agricultural work, Henderson and Perry (1976), Hall (1980), and Howe, 
(1980), among others, refer to drying as the removal of moisture from a product until its 
moisture content is in equilibrium with atmospheric air or to such a moisture content that 
decrease in quality from moulds, enzymic action, and insects is negligible. In the view of 
Chapter 2 Literature review. 
9 
Bakker-Arkema et al (1978), the objective of a crop drying process is to decrease the 
product moisture to a safe level for storage without badly affecting its quality. 
When a wet product is subjected to thermal drying, two fundamental processes occur 
simultaneously (Hall, 1980; Porter et al, 1973): (1) heat is transferred from the surrounding 
environment to evaporate the surface moisture; (2) mass is transferred as liquid or vapour 
from within the material and as a vapour from the surface by evaporation due to process 1. 
Process 1 involves the removal of water as vapour from the product surface. The rate at 
which this process proceeds depends on the external conditions of temperature, pressure, 
humidity, velocity and direction of airflow, retention time, the area of exposed surface, the 
method of supporting the product during drying, and the product reorientation during 
drying. Process 2 involves the movement of moisture internally within the solid; it is a 
function of the physical characteristics of the product, its temperature, and its moisture 
content. 
In a drying operation either of these two processes may be a limiting factor governing the 
rate of drying, although they both proceed simultaneously throughout the drying cycle. 
The rate at which drying is accomplished is governed by the rate at which the two 
processes proceed. Energy transfer as heat from the surrounding environment to the wet 
product during drying can occur as a result of; convection, conduction, radiation and/or 
dielectric heating. In most cases heat is transferred to the surface of the wet product and 
then into the interior. However, in dielectric, radio-frequency, or microwave drying, 
energy is supplied to generate heat internally within the product and flows to the exterior 
surfaces. 
Classification of dryers 
The various methods of drying may be classified into three categories: (a) traditional or 
sun-drying method, (b) conventional drying method, and (c) solar drying technology. The 
principal factors that define the nature of dryers are (Keey, 1978): 
i) the manner whereby moist material receives heat, 
ii) the pressure and temperature of operation, and 
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iii) the way in which the material is supported in the dryer. 
Depending on temperature ranges, drying can be divided into three categories: low 
temperature drying, high temperature drying and freeze drying. 
Low temperature drying is defined as a slow drying process, usually performed at 
temperatures between 30 and 50° C, with ambient air or air heated only a few degrees 
above the ambient (Ezekwe, 1993). In the low temperature drying systems the moisture 
content of the product is usually brought in equilibrium with the drying air by constant 
ventilation. Such drying systems tolerate intermittent or variable heat input. Low 
temperature drying enables the crop to be dried in bulk and in batches and is most suited 
for long-term storage systems, thus they are referred to as bulk dryers (Mclean, 1980). 
Important decisions that accompany low temperature drying include the depth of heaping 
of the crops, the suitability of the drying air conditions (i. e. its temperature and humidity), 
the volume of the system that needs ventilation and distribution of air through the crop 
mass. 
High temperature drying is a fast drying process and it is usually employed when crops 
require a short exposure to the drying air. In high temperature dryers, the average 
temperature of the drying air is normally above 5 0° C (Ezekwe, 1993). 
In freeze drying the material to be dried is first frozen and then placed in a high vacuum 
chamber connected to a very low temperature condenser or chemical desiccant. Most 
freeze-dried operations are performed between -10 and -400 C under low pressures. It is an 
expensive, slow operation, but it has definite advantages for heat sensitive materials. 
Depending on relative directions of the flow of the crop mass and air, dryers are usually 
classified into batch dryers or continuous-flow dryers (Bakker-Arkema et al, 1978; Hall, 
1980; Brooker et al, 1974). The continuous flow dryers are classified by the relative 
direction of flow of the crop mass and the heated air during drying. These dryers can be 
cross flow, concurrent flow or counter flow. Continuous-flow drying processes require 
equipment for the input of wet products and removal of the dry products at a rate consistent 
with the drying capacity of the unit. 
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In batch dryers, the product is dried in an enclosed chamber on a fixed bed, with low to 
medium air-flow rates, about 0.13-0.27 m3/s per m3 of crop, at medium drying air 
temperatures ranging from 37.8 to 49° C (Hall, 1980). In the case of particulate wet 
products they are placed on a tray or on tiers of trays. The operating principle of such 
dryers is to force large quantities of heated air through the crop mass in order to obtain fast 
drying. Batch dryers are used when different types of material are to be dried and where 
the production rate is small (under 200 kg/h) or seasonal and the low permissible heating 
temperature requires a long hold-up for internal diffusion of heat or moisture (Porter et al, 
1973 and Karel et al, 1975). Included in the batch drying processes are ambient air, low- 
temperature, layer, column, batch-in-bin and solar drying systems (Bakker-Arkema et al, 
1978). Batch dryers are most suitable for natural convection drying system because of the 
expected low self induced air-flow rates which could traverse the shallow depth of crop. In 
these dryers, drying takes place in a zone which advances slowly through the bed of 
material in the direction of air flow. A characteristic feature of batch dryers is the gradient 
in moisture content which develops across the bed during drying. Either mechanical or 
manual stirring devices, are normally used in an attempt to alleviate the problem of uneven 
drying in batch dryers. Brooker et al, (1974) pointed out that, trends in experimental data 
established by Frus (1968) and other researchers show that, when stirring is employed in 
batch drying vertical moisture gradient is reduced and air flow rate is increased by about 
10%. 
2.2 Periods of drying 
When a wet product is dried experimentally, data are usually obtained relating to moisture 
content and time. These data are plotted as moisture content M, either on dry or wet basis, 
versus time, t. A typical experimental drying curve is shown in fig. 2.1(a). This curve 
represents the general case when a wet product loses moisture first by evaporation from a( 
surface saturated with water, followed in turn by a period of evaporation from a partially 
saturated surface of gradually decreasing area, and finally when water evaporates from the 
interior of the product. 
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Although fig. 2.1(a) indicates that the drying rate is subject to variation with time or 
moisture content, this variation can be better illustrated by graphically differentiating the 
curve and plotting dMýt versus M, as shown in fig. 2.1(b), or as dMd t versus t, as 
shown in fig. 2.1(c). These rate curves show that the drying process is not a smooth, 
continuous one in which a single mechanism is in control throughout. 
The portion AB represents a warming-up period. Section BC on each curve represents the 
constant-rate period. The curve portion CD of figs. 2.1(a) and 2.1(b) is termed the falling- 
rate period, and is typified by a continuously changing rate throughout the remainder of the 
drying cycle. The moisture content at which the wet product demonstrates a change from 
constant rate drying to falling rate drying is called the critical moisture content. Point C, 
where the constant rate ends and the drying rate begins to fall, is termed the critical 
moisture content. 
2.2.1 Constant rate period. 
In this period, drying proceeds by diffusion of vapour from the saturated surface of the 
material across a stagnant-air film into the environment. Moisture movement within the 
solid is rapid enough to maintain a saturated condition at the surface, and the rate of drying 
is controlled by the rate of heat transfer to the surface. The rate of mass transfer is in 
equilibrium with the rate of heat transfer, and therefore the temperature of the saturated 
surface remains constant, if the external conditions are constant (Daly, 1992). The 
mechanism of moisture removal in this period is independent of the nature of the product 
(Porter et al, 1973). 
If heat is transferred solely by convection, and in the absence of other heat effects, the 
surface temperature of the wet product approaches the wet-bulb temperature of the drying 
air. However, when heat is transferred by radiation, conduction or a combination of these 
and convection, the temperature of the saturated surface is between the wet-bulb 
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temperature and the boiling point of water (Porter et al, 1973). Radiation is effective in 
increasing drying in the constant rate by augmenting the convection heat transfer and 
raising the surface temperature of the product above the wet-bulb temperature, in the order 
of about 5 to 10 K. 
When the heat for evaporation in the constant-rate period is supplied by heated air or gas, 
an equilibrium is established between the rate of heat transfer to the material and the rate of 
vapour removal from the surface. The driving force of moisture movement and the internal 
factors of crop resistance to flow, during the constant rate period, is represented by 
equation (2.1) (Porter et al, 1973; Henderson and Perry, 1976; Hall, 1980): 
dW_ l__ h, A(T,. -Twb) 
dt -. 
%. A(P, - P. wbý h Is 
(2.1) 
where dWýt = drying rate, kg water/s; fy = mass-transfer coefficient, kg/s m2 Pa; 
A= area for heat transfer and evaporation, m2; P, = vapour pressure of water in the 
product and is evaluated at the corresponding surface temperature of the product, Pa; P,.,,, b 
= partial pressure of water vapour in the air, Pa; h, = total heat transfer coefficient, W/m2 
K, T,, = the surface temperature of the material, K; T,, b = air wet-bulb temperature, K and 
hfg = latent heat of evaporation evaluated at the surface temperature of the material, J/kg. 
When h, is the coefficient of heat transfer by convection only, then T. under equilibrium 
conditions is taken as the wet-bulb temperature of the inlet air, and P, as the vapour 
pressure at this temperature. If heat is also supplied by radiation, then h, is the total of the 
heat transfer coefficients by the two different modes and T,, becomes higher than the wet- 
bulb temperature. In batch drying in trays, heat arrives at the evaporation surface from the 
tray walls by conduction through the wet materials. The total heat transfer under the 
combined modes of heat transfer is given by Porter et al, (1973) as: 
r 
Aý 
1+dr(h, +h, )lk, ý 
(2.2) h, _ (h+h, )1+ 
A. [ 
1+dr(h, + 
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where hf is the total heat-transfer coefficient; A. is defined as the ratio of the outside 
unwetted surface to the evaporating-surface area; d, is the depth of the material in the tray; 
k, is the thermal conductivity of the wet material. 
The magnitude of drying achieved in the constant rate-period depends upon three external 
variables (Porter et al, 1973).: (1) the heat- or mass-transfer coefficient, (2) the area of wet 
product exposed to the drying medium, and (3) the difference in temperature or humidity 
between the air stream and the wet surface of the product. 
For drying calculations, it has been suggested (Porter et al, 1973) that it is convenient to 
express equation (2.1) in terms of the decrease in the moisture content rather than the 
amount of water evaporated. For evaporation from a tray of wet product, assuming no 
change in volume during drying, equation (2.1) becomes: 
dM h 
dt pp d, htg (Twb-T) (2.3) 
where dMdt = drying rate, kg water/(s) (kg dry product); po = bulk density of the dry 
product (kg/m3); dd = thickness of the bed, (m). For through-circulation drying, a similar 
equation is written of the form 
dM ha 
dt Po hta(T%6-T, 
) (2.4) 
where a= heat transfer area per unit volume of the bed (1/m); other symbols are the same 
as defined for equation (2.3). In practice, the volume of the wet product decreases as the 
drying progresses and therefore equation (2.3) or its modified form, equation (2.4) is not 
totally correct. 
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2.2.2 Falling-rate period. 
The falling-rate period is entered into after the constant rate period. The moisture content 
at which the drying rate of a product changes from a constant rate to a falling rate (shown 
as point C in figs. 2.1(a) -(c)), is called the critical moisture content of the product. If the 
desired final moisture content is above the critical moisture content (for specified drying 
conditions), the whole drying process will occur under constant-rate conditions. It has 
been observed and proposed by several investigators that, if the initial moisture content is 
below the critical moisture content, the entire drying process will occur in the falling-rate 
period. This zone is, generally, divided into two zones: (1) the zone of unsaturated surface 
drying, and (2) the zone where internal moisture movement controls the drying process 
(Porter et al, 1973). 
In the first period, the entire evaporating surface can no longer be maintained at saturated 
level by the moisture within the solid. The drying rate decreases for the unsaturated 
portion, and hence the rate for the total surface decreases. The drying rate depends on the 
factors affecting the diffusion of water vapour away from the evaporating surface and those 
affecting the rate of internal moisture movement. As drying proceeds, the plane of 
evaporation moves into the product, and the drying process enters into the second falling- 
rate period. Drying in the falling-rate period is therefore governed by external variables as 
well as the internal variables. In drying to low moisture contents, the falling-rate period 
predominates in determining the total drying time. This latter statement is supported by 
experimental evidence of Ayensu and Bondzie (1986). In drying 50 kg of cassava in a 
solar dryer from a moisture content of 75 % on wet basis to a final moisture content of 
20 % (wet basis), they found that the constant-rate period proceeded for around 10 % of the 
total drying time (in fact 10 hours out a total drying time of 102 hours). 
It has been recognised that individual cereal grain particles almost dry entirely within the 
falling-rate period because of the relatively low moisture contents of these at the time of 
harvest (Brooker, et al, 1974). Igbeka et al, (1976) found that in drying of cassava and 
potato no constant-rate period was present; and the drying proceeded in the falling-rate 
period. Sherwood (1936) noted that in slow drying solids no constant-rate period 
appeared, and internal diffusion controlled the drying process from the start. 
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Studies of internal moisture movement indicate the possibility of several controlling 
mechanisms, the more significant ones being postulated as liquid or vapour diffusion, 
capillarity, and pressure gradients caused by shrinkage. According to Brenndorfer et al, 
(1987), the principal controlling mechanism that explains the migration of moisture from 
the interior of an agricultural product to the surface, and its subsequent evaporation from 
the surface, is diffusion. The general equation for diffusion of liquid through a porous 
solid according to Sherwood (1936) is given by Fick's law: 
aM - ---- -- ar = 
V. (DVM) (2.5) 
Equation 2.5 has been applied by several researchers (Becker and Sallans, 1955; Steife and 
Singh, 1982; Suarez et al, 1980) to model the rate of moisture removal from wet products 
during the falling-rate period under the assumption that the functional dependencies of D 
are known or can be estimated. 
The following relationship can also be used to describe the rate of drying in the falling-rate 
period (Sokhansanj and Jayas, 1995): 
dM__KAdP 
dt dx 
(2.6) 
where K is a moisture transfer (diffusion) coefficient, and dP/dx is the driving force for 
the moisture movement in terms of water vapour pressure gradient within the product. It 
must be emphasised that the choice between equations (2.5) and (2.6) to describe the rate 
of drying in the falling-rate period depends on whether concentration or vapour pressure 
gradient is considered as the potential for the moisture movement. 
2.3 Drying: requirements for modelling and dryer design calculations 
A mathematical model with which a dryer and its process parameters can be studied is of 
importance to prevent or minimise costly further prototype development. The model can 
be used to simulate the performance of existing or subsequent designs of a particular type 
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of dryer. In this section emphasis is on the presentation of significant parameters that 
influence the performance of a dryer or enter into dryer design calculations. 
The following is a combined list of parameters that influence the performance of dryers, in 
particular solar dryers (Bakker-Arkema et a!, 1978; Brenndorfer et al, 1987): 
" Process air variables 
- airflow rate 
- drying air temperature 
- drying air humidity 
" Product variables 
- throughput or batch size 
- initial and final moisture content 
- material sizes and size distribution 
- bulk density 
- shrinkage coefficient 
- maximum permissible drying air temperature 
" Dimensional variables 
- drying chamber configuration 
- bed cross section and depth 
- area of the collector 
- air-heater configuration (length, width, and aspect ratio of the collector) 
- chimney configuration (height, cross-sectional, etc., ) 
" Environmental variables 
- intensity of solar radiation 
- air temperature and relative humidity 
" Transport and thermodynamic properties of the material 
- heat capacity 
- latent heat of evaporation of the material moisture 
- diffusion coefficient or drying rate constant 
- heat and mass transfer coefficients 
- equilibrium moisture content, and 
- thermal conductivity. 
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A comprehensive drying model must include all the aforementioned variables. It must also 
include the psychrometric and thermal properties of moist air. An information flow 
diagram for a drying model is shown in fig. 2.2. The part of the model that contains 
equations for heat and mass transfer phenomena is termed the process model, while the 
equations describing the dependence of drying conditions on transport properties form the 
properties model. 
Drying Conditions (air 
humidity, temperature and 
velocity) 
Process model 
(heat and mass transfer equations) 
Model Results (material moisture 
content and temperature) 
Empirical constants 
ýý ', I 
heat and mass transfer coefficients, etc., ) 
capacity, 
(moisture diffusivity, thermal conductivity, heat 
Transport Properties 
Properties Model 
(empirical equations describing the 
effect of various factors on 
transport properties) 
0 
0 
14 
Figure 2.2: Drying model information flow diagram 
2.4 Physical and thermal properties of wet products 
2.4.1 Moisture content of agricultural products. 
The moisture content of a wet product, M,... b, 
is usually defined as a fraction by mass on 
wet basis and is calculated by dividing the mass of water in the product by the total mass of 
the wet product as: 
_W M, wb WT 
(2.7) 
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where M,. wb, 
is moisture content fraction, wet basis; W., is the mass of moisture in the 
product; W,., is the mass of the sample of wet product. This method of expressing the 
moisture content tends to give incorrect impression when applied to drying, since both the 
moisture content and the basis on which it is computed change as drying proceeds 
(Henderson and Perry, 1976). The moisture content on dry basis, is calculated by dividing 
the mass of water in the material by its dry matter content. The moisture content fraction 
on dry basis, Mc, db, is: 
Me. 
d. b -W=Ww. 
dT 
Wm 
(2.8) 
where, Wd is the mass of dry matter. The moisture content on dry basis is recommended 
(Porter et al, 1973) since the proportion of dry matter is constant at all moisture levels. 
The moisture content on a dry basis, MC, d b, and on wet basis, Mwb, are related by 
equations (2.9) and (2.10) as follows: 
Me, 
d. b Mý, 
wb = 1+ Me, d. b 
Me, 
d. b - 
Mc, 
w. b 
1- Mc. 
w. b 
(2.9) 
(2.10) 
Knowledge of the initial and final moisture content values, of a given crop, allows for the 
determination of the quantity of moisture to be removed to bring the crop to a safe level for 
storage. 
The mass of water, mw, to be removed from a given wet product to bring it to a safe level 
for storage is defined in terms of the initial and final moisture contents; it is given by the 
relations: 
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M. -Wd (Mi, d. b - 
Mj, 
d. b)- 
WT (Mi, 
d. b - 
Mj, 
d. b) 
M+ Mi, 
d. b 
) 
or (2.11) 
P" 
WT(Miw. b - Mj, w. b) = 
". W- (1 - Mf. w. b) 
The procedures for determining the moisture content of products are classified as primary 
and secondary methods by Henderson and Perry, (1976) or direct and indirect methods by 
Brooker et al, (1974) and Hall, (1980). The primary (or direct) procedures are such that the 
moisture in a sample is removed and the quantity is determined by weighing or measuring. 
The secondary (or indirect) procedures namely; electrical resistance methods, dielectric 
methods, chemical methods, hygrometric methods, neutron scattering method and the 
nuclear resonance-absorption method all involve the measurement of a property of the 
material including mechanical, electrical, or thermal property, which is related to moisture 
content and must be calibrated against a standard primary method. The two most common 
and useful primary procedures for determining moisture content are the vacuum oven and 
the air oven method (Brenndorfer et al, 1987). In the vacuum oven method, a given 
sample of a wet material is placed on a metal dish in a vacuum oven at 70° C and dried to 
constant weight. The ratio of the difference in the initial and final weights of the material 
to the original weight of the wet material, gives the moisture content fraction on wet basis. 
In the air oven method, a sample of the wet material of known weight is placed on a metal 
dish in an air oven at 1050 C and dried to a constant weight. The moisture content fraction 
on wet basis is then evaluated as in the vacuum oven method. 
2.4.2 Latent heat or heat of vaporisation. 
The latent heat or heat of vaporisation of water (moisture) from a crop is defined as the 
energy required to vaporise moisture from the product. Its value is determined at the wet- 
bulb temperature of the air in contact with the surface of the crop (Daly, 1992). The energy 
required to vaporise water from a crop is dependent upon its moisture content, and its 
temperature. The lower the moisture content and the temperature, the higher the heat of 
vaporisation. 
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Othmer (1940), starting with the Clapeyron equation, developed the following relationship 
for calculating the heat of vaporisation of absorbed moisture from a product: 
log P, '= L, 
+q log Py h fg 
(2.12) 
where P and P; are vapour pressures and h fg and Lt are the heats of vaporisation of 
free water and of the adsorbed crop moisture, respectively. The constant q is product- and 
temperature- dependent. 
Gallaher (1951) using published equilibrium moisture content data for wheat determined 
its latent heat of vaporisation. He developed Othmer plots for wheat by plotting the 
logarithm of the vapour pressure of the crop against the logarithm of the vapour pressure of 
water at the same temperature for each moisture content. The ratio of heat of vaporisation 
of moisture from the crop to the heat of vaporisation of free water was calculated from the 
slope of the line resulting from the plot. He also found that when the ratios of the heat of 
vaporisation of moisture from wheat to the heat of vaporisation free water were plotted 
against moisture content (dry basis), the resulting curve could be described by the 
following equation: 
Lt, 
wheat ._ -- , .,. % 
h fg 
=i+ , zsexp(-u. 4UMý db) (2.13) 
Equation 2.13 shows that the amount of heat required to vaporise water from wheat 
increases considerably as the moisture content of wheat decreases. Several researchers 
have used the Othmer plots to develop expressions similar to equation (2.13) for other 
crops: shelled com (Strohman and Yoerger, 1967); soybeans (Alam and Shove, 1973); malt 
(Bala, 1983). 
Henderson and Perry (1976) argue that the variation of the heat of vaporisation with 
moisture content of an agricultural crop is only significant for crops with moisture content 
below 6% (dry basis), however, it is noted that some variation exists between crops and the 
temperature. Exell (1980) suggests that over the range of conditions that occur in drying, 
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(rice drying in particular) the variation in the heat of vaporisation of water from grain will 
not exceed that of free water by about 10%. It is also reported in the literature (Mclean, 
1980 and ASHRAE, 1989) that constant values can be used, as a fair approximation, and 
values of 2500 and 2560 kJ/kg of evaporated water have been suggested. Johnson and 
Dale (1954) argued that for calculations dealing with the moisture-time relation, as in most 
drying cases, it is not sufficient to assume a constant value for the heat of vaporisation. 
However, they suggested that for grains with moisture content (dry basis) less than 10%, 
the heat of vaporisation of water from the product could be estimated by increasing the 
value for free water by a factor of 15 to 20%. 
The latent heat or heat of vaporisation has been observed to decrease steadily with 
temperature (Liley and Gambill, 1973). A known or calculated value of the heat of 
vaporisation of moisture from a wet product at a known temperature may be accurately 
extrapolated to other temperatures with the Watson's correlation (Reid et al, 1987): 
C1 -T /TL 
l 
T, ITLJ 
A 
(2.14) 
where n=0.375 or 0.38 and T (= 647.3 K) is the critical temperature of water. A 
dimensionless equation which allows one to estimate the heat of evaporation at any 
temperature without the vapour-pressure data is given by Liley and Gambill (1973) as: 
0.38 
Lý = Rý, TL TL ln(PL) 
(7`` 
1.38 (TIL - TL) 
(2.15) 
where, 
TbL is the boiling point of water, PL (221 bar) is the critical pressure of water, and R,, is the 
gas constant for water vapour. Equation 2.15 gives an average error of about 5%. 
However, if reliable data on vapour pressure and saturated liquid and vapour volumes are 
available, then the most reliable estimate of the heat of evaporation is obtained by using the 
exact Clayperon equation (Liley and Gambill, 1973). 
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In drying calculations, the amount of moisture removed from a wet product multiplied by 
the heat of vaporisation of moisture from the product yields the useful energy utilised in 
one batch of a drying process. Following from the above, the useful energy can be 
evaluated as the product of the average overall drying efficiency and the intensity of the 
solar radiation incident on the energy collection surfaces of the dryer. 
2.4.3 Specific heat capacity. 
Specific heat is simply referred to as the amount of heat needed to change the temperature 
of a unit mass by one degree. The specific heat at constant pressure is normally used for 
heat transfer problems during the drying of agricultural crops, since the pressure change is 
very small. The pressure dependence of specific heat is very little for solids and liquids 
until extremely high pressure is encountered. Specific heat is also a function of 
temperature; however, it has been established that at ordinary temperatures and over 
temperature intervals which are not too great, specific heat may be considered as a constant 
physical property. 
Many articles have been reported on the determination of specific heat of agricultural 
crops. Most of this research involved determination of specific heat by the method of 
mixtures or by the method of differential scanning calorimetry (DSC). The DSC 
instrument is very expensive and is hardly used. The method of mixtures consists of 
adding a given quantity of a given crop to a known mass of water in a calorimeter. The 
equilibrium temperature, T, attained by the calorimeter and its contents is then noted. At 
equilibrium, the heat lost by the crop is equated to the heat gained by the water and the 
calorimeter, from which relation the specific heat is calculated as: 
Cp, 
sm, 
(T - T. ) = M. Cp, w(T -Tw) + m, 
CP,, (T, - Tw) (2.16) 
where the subscripts c, s and w refer to calorimeter, dry sample and water respectively, and 
T the initial temperature of the sample, T. initial temperature of the calorimeter and 
water. The specific heat capacity of the wet sample is then expressed as: 
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(2.17) 
where Co, is the specific heat of the dry matter, C,, is the specific heat of water and Md is 
the moisture content of the material on dry basis. 
Siebel (1892) proposed that the specific heat of food materials might be estimated from the 
weighted sum of the specific heat of water and that of the solid matter. These equations 
have long been used and reported in the literature (ASHRAE, 1989 and Wallapapan et al, 
1986) and they are given as: 
CO =0.84 + 0.0335Mwb , (for values above 
freezing) (2.18) 
Co = 0.84 + 0.0126 Mwb , (for values 
below freezing) (2.19) 
where: CP is the specific heat, kJ/kg K, and Mwb is the moisture content, % wet basis. 
Equations 2.18 and 2.19 are recommended by Wallapapan et al, (1986) for estimating 
specific heat only when data are lacking and there are no better alternative of determining 
the specific heat. It is reported by Choi and Okos (1986), that the equations proposed by 
Siebel are limited to food products with relatively high moisture content. 
2.4.4 Bulk density. 
Bulk density is one measure of quality. Chung and Converse (1971) observed that the 
relationship between weight and moisture content was curvilinear for both wheat and corn 
but dry bulk density was linearly dependent on moisture content. Vemuganti and Psoft 
(1980) observed that the weight of corn decreases with the increase in moisture content, 
whereas Matouk (1976) found that the bulk density of maize grain increases with the 
increase of moisture. Browne (1962) and Kazarian and Hall (1965) observed that the bulk 
density of wheat decreases with the increase of moisture content. Wratten et al (1969), and 
Morita and Singh, (1979) found that the bulk density of rough rice increases with the 
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increase of moisture content. Apart from rough rice, there seems to be no reported general 
trend in the variation of bulk density of common agricultural crops. 
Three density measurement techniques (displacement method, air comparison pycnometer 
and by volumetric pycnometer) are listed in the literature (Choi and Okos, 1986). The 
displacement method is, however, the most common method and requires no sophisticated 
instrumentation. In this method, the sample is first weighed on a scale and then weighed in 
a known volume of water. The volume of the sample is calculated as the ratio of the 
weight of the displaced water (i. e. the second reading of the scale with the sample 
submerged minus the weight of the container and the water) to the density of water. The 
solid density of the sample is then obtained by the ratio of the weight of the sample to its 
volume as: 
P= ms ' V. 
(2.20) 
The bulk density (pb = m, / V.. ) is the ratio of the mass of the product to the volume of 
the product including inter-particle and intra-particle air voids. The bulk density is related 
to the solid density according to the relation: 
Pb = P, (1 - E) (2.21) 
where c is the bulk porosity of the product which value ranges from 0.3 to 0.5 
(Sokhansanj and Jayas, 1995). 
The bulk density at any moisture content is related to the dry bulk density (pb, as ) and the 
wet bulk density (pb, ) by the relation: 
Pb, 
m - 
Pb, dd +Pb, w-b 
Md (2.22) 
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2.4.5 Shrinkage. 
The dimensions and volume of a solid diminish as the moisture is removed in the drying 
process. This phenomenon is called shrinkage in the process of drying. Luikov (1966) 
argued that for a majority of materials shrinkage takes place through the whole duration of 
the drying process. Simmonds et al, (1953b) showed that if the moisture content of a solid 
is less than 20% (dry basis) shrinkage can be neglected. 
Wileman (1941) determined the shrinkage of seed corn in terms of both weight and volume 
during drying in the moisture content range 14.8 to 34.8%. He found the weight and 
volume shrinkage of the ear com to be related linearly to the percentage of moisture 
removed from the grain during artificial drying of seed corn on the ear. 
Spencer (1972) determined overall shrinkage of wheat for changes in bed mean moisture 
from the data of Clark and Lamond (1968). The following relationship was developed: 
S=0.85(MT, db - M,, db 
) (2.23) 
where S is the change in depth per unit depth, M. is the initial moisture content, ratio (d. b) 
and Md. b is the moisture content, ratio, (d. b). He used the amount of bed shrinkage to alter 
the finite element width during the simulation of the deep bed drying of wheat. 
Bala and Woods (1984) developed an equation for simulating shrinkage in the deep bed 
drying of malt. They hypothesised that the rate of change of the shrinkage of a malt bed 
with respect to the reduction in moisture content from initial moisture content is 
proportional to the difference between the maximum possible shrinkage and the actual 
shrinkage. They developed a relationship of the form: 
S= 15.91[1- e-°. '("-- - "-b-) 11 (2.24) 
where S is the percentage shrinkage, M. is the initial moisture content, %, (w. b), Mwb is 
the moisture content at any given time, %, (w. b). Bala and Woods (1994) also used the 
amount of shrinkage to alter the finite element depth during the simulation of the deep-bed 
drying of malt in a solar dryer. 
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Based on numerous experiments on the drying of a variety of materials, it was established 
that the volume of a solid is a linear function of the mean moisture content (Luikov, 1966): 
V= Vo (1 + P. Mdb) (2.25) 
where V. is the volume of the perfectly dry body for materials which shrink over the whole 
of the drying process or in the falling rate, Q, is the coefficient of bulk shrinkage equal to 
the relative reduction in volume with change in moisture content, i. e. ß, = and V0 dM 
Mdb , is the moisture content fraction (d. b). For materials which shrink only 
during the 
first period the quantity V. is nominal volume of the body, numerically equal to the size of 
the portion cut off by the straight line on the volume axis, constructed according to 
equation (2.25). 
The coefficient of shrinkage can be determined in two ways: 
a) From the slope of the straight line graph of V against Md , which is equal to 
)6, V,, 
b) From two values of Vl and V2 which correspond to the moisture contents Mdb, 
and Mdb2, respectively, i. e. /3, = _(V1i 
- V2)/V, 
(Mdbl - Mdb2) - Mdbl(VI - V2)1VI 
2.4.6 Specific surface area of agricultural products. 
The relationship between volumetric heat transfer coefficient ha and area heat transfer 
coefficient ha is 
hN =a, ha (2.26) 
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and for a sphere ay = 
6(1- s) 
de Sp , 
where c is the void fraction and sp is the sphericity which 
is defined as sp = 
surface area of an equivalent spherical particle of the same volume 
surface area of a particle 
The void fraction can be determined by weighing a sample of the crop placed in a container 
of volume VT before and after it is filled with water. The void fraction is equal to 
M. /P. 
VT 
(2.27) 
where mw is the mass of water and per, is the density of water. The solid density (pj) of 
the material is then 
Vt. (1-E) 
The average particle diameter is the diameter of a spherical particle having the same 
volume and can be calculated from 
_r 
6mi 
dý Iý 
NJ l P, 
where N is the number of particles in the sample. 
m, (2.28) 
(2.29) 
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2.5 Transport properties in drying of wet products. 
2.5.1 Equilibrium moisture content (EMC). 
The moisture contained in a wet product exerts a vapour pressure to an extent depending 
upon the nature of the moisture, the nature of the product, and the temperature. When a 
hygroscopic material, for example a wet agricultural product, is exposed to continuous 
supply of fresh air at constant-temperature and constant-humidity it continues to lose 
moisture until the vapour pressure in the product is equal to the partial pressure of the 
vapour in the surrounding air. The product is then said to be in equilibrium, and the 
moisture content of the product is called the equilibrium moisture content under the 
prevailing drying conditions. The corresponding vapour pressure in the surrounding air at 
the same temperature (dry bulb temperature of the air) is called the equilibrium vapour 
pressure. The ratio of the equilibrium vapour pressure to the saturation vapour pressure of 
water at the same temperature is known as the equilibrium relative humidity. Further 
exposure of the product to this air for indefinitely long periods will not bring about any 
additional loss of moisture. However, the moisture content in the product could be reduced 
further by exposing it to air of lower relative humidity. 
Determination of EMC values may be made under static and dynamic conditions, although 
the latter case is preferred. A simple static procedure is to place samples in ordinary 
laboratory desiccator containing sulphuric acid solutions of known concentrations which 
produce atmospheres of known relative humidity. The sample in each desiccator is 
weighed periodically until a constant weight is obtained. Moisture content at this final 
weight represents the equilibrium moisture content for the particular conditions. 
The value of equilibrium moisture content, for many materials, depends on the direction in 
which the equilibrium is approached because it is relatively easier to add moisture to a 
dried product than to remove moisture from a wet product. For drying calculations the de- 
sorption values are preferred as opposed to adsorption values, since they give higher 
values. 
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Equilibrium moisture content can be measured dynamically by placing the sample in a U- 
tube through which a continuous flow of controlled-humidified air is drawn. Again the 
sample is weighed periodically until a constant weight is reached. Humidified air for this 
experiment can be obtained by bubbling dry air through a large volume of a saturated salt 
solution which produces a definite degree of saturation of the air. 
In the absence of facilities for determining EMC values, a number of theoretical, semi- 
theoretical and empirical models have been proposed. Notwithstanding the extensive 
research efforts in this area, no theoretical EMC is yet capable of predicting accurately the 
moisture equilibrium contents of even cereal grains, the well researched field of study, over 
the full temperature and relative humidity ranges. A review of the frequently used EMC 
models is presented in this sub-section. 
Smith (1947) suggested that static equilibrium moisture content expressed on wet basis 
provides an accurate correction to the isotherm equations for shrinking materials. He 
developed the following EMC equation: 
M,, 
ý, = 
Mb - gln(1-RH) (2.30) 
where Mb is the bound moisture content and g is constant which depends on temperature. 
The Smith equation has been found to fit the experimental EMC de-sorption curves of 
cereal grains rather well in the region 03: 5 RH :50.95 (Becker and Sallans, 1956). 
Henderson (1952) proposed the following semi-empirical model for predicting the static 
moisture equilibrium curves of biological products, including grains: 
1-RH =e-ýr,,, M: (2.31) 
in which RH, the relative humidity is represented as a fraction; T, the absolute 
temperature, M,, the static equilibrium moisture content, %, d. b.; and c and n are 
material-dependent constants. Henderson's equation, in the form described above, has 
been found to be inadequate for cereal grains (Brooker et al, 1974). A number of 
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empirically established modifications of the Henderson equation have been proposed. Day 
and Nelson (1965) modified Henderson's equation for calculating the EMC values for 
wheat as 
1- RH = exp 
( 
fM. k ) (2.32) 
where, 
f=5.7336 x 10-10)BF3.3719 
k= 14.863 OF -0.41733 
and OF is the temperature, ° F. 
Thompson (1967) modified the Henderson's equation for corn as: 
1- RH = exp 
[-3.8195x 10-S'0 (T+50)M, 2'0] (2.33) 
Strohman and Yoeger (1967) proposed the following equation to represent the relation 
between equilibrium relative humidity values of corn and static equilibrium moisture 
content, dry basis: 
RH = exp (a exp {b M, } In P, +c exp {d M. }ý (2.34) 
Equation (2.34) was found to be valid over the whole range of moisture content, relative 
humidity and temperature. 
Data from drying of hygroscopic materials have also been fitted to an empirical relation of 
the form: 
RH+ 
MRHZ 
+ RH'1g° 
+(gi +g2RH+q3 M2 +q`ýa +q5RH4 ýns lnl 
+P J \P o lPz Ps 
(2.35) 
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Testing of expression (2.35) was performed for hygroscopic data of rice (Anon, 1962), 
coffee and corn (Teter and Citelly, 1970) and cassava (Roa, 1974). The results were found 
to be adequate for practical applications. The values of the constants pr and q, are listed 
in the literature (Roa, 1974). 
An EMC equation based on the potential theory and a simplified equation of state was 
developed by Chung and Pfost (1967). The equation is of the form: 
In (RH) _A exp (-BM, ) R. Tb, 
(2.36) 
where constants A and B are temperature-dependent and M1 is the static equilibrium 
moisture content, dry basis. The Chung and Pfost equation fits grain EMC data well over 
the 20 to 90% relative humidity range. The constants A and B can be calculated for shelled 
corn from the following relationships (Brooker et al, 1974) 
In A= R° T; b, 1544 x 10-2 -1.383x105 
Ta'',, (2.37) 
B=R. Tib, 3.211 x 10' + 2.069x 10-' Täb) (2.38) 
where Täb, denotes the absolute temperature in °R. Equation 2.36 is valid if 0.20 < RH < 
0.90. 
Other EMC equations (BET, Harkins-Jura, Hasley, Kelvin, Langmuir, etc. ) are available in 
the literature (Brooker et al, 1974). Pixton and Howe (1983) examined the suitability of 
using the following EMC equations for cereals and other products: (1) Smith equation, 
(2) Hasley equation, (3) Harkins and Jura equation, (4) BET (Brunaur, Emmet and Teller) 
equation, (5) Chung and Pfost equation, (6) Iglesias and Chirife equation, and (8) 
Henderson equation. They observed that the Chung and Pfost equation gave an excellent 
fit to the data relating moisture content and equilibrium relative humidity data of tapioca 
starch and found that it can be used to fit the relationship using only three points between 
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25 and 70% relative humidity. For field beans, dried peas, cereal derivatives other than 
flour, oilseeds and almonds, the Hasley relation was found to be the best. 
It is interesting to note that depending on what parameters were known various researchers 
used one EMC relation or another or even modified existing models to apply to their work. 
2.5.2 Moisture diffusivity. 
Diffusion in solids during drying is a complex process involving several mechanisms 
including liquid and vapour diffusion, surface diffusion, hydrodynamic or bulk flow, and 
capillary flow (Marinos-Kouris and Maroulis, 1995). Combining all these phenomena into 
one, the of ective diffusivity can be defined from Fick's law (see Equation 2.5). 
There is no standard method for the experimental determination of diffusivity. Several 
methods for determining effective moisture diffusivity from drying data are presented in 
the literature (Choi and Okos, 1986; and Marinos-Kouris and Maroulis, 1995). Table 2.1 
gives some literature values of the effective diffusivity of moisture in various materials. 
Table 2.1: Effective moisture diffusivity in some materials 
Material Moisture content Temperature Diffusivity 
(m2/s) 
2.6 10 - 
76-x -10-- 
6.5x 10.12 - 1.2x10-1U 
1.2 x10"10 - 2.6x10'1U 
1.1x 101U - 3.3x10-1° 
1.54x10 9 
9.4x10-9 - 9.7x10-8 
2.5x10-9 - 5.5x107 
9.0x10"1U - 3.3x109 
1.0x10"12 - 1.0x1010 
7.2x10'" - 3.3x10'10 
8.4x1010 - 1.5x10"7 
7.0x1010.4.9x10"9 
8.1x10'11- 3.4x1010 
5.0x10"10 - 9.2x10'9 
4.7x1011-5.7x10'11 
Alfafa stems 
Apple 
Avocado 
Beet 
Biscuit 
Bread 
Carrot 
Corn 
Corn 
Muffin 
Onion 
Fish muscle 
Pepper, green 
Pepper ni 
fraction (kg/kg d. b) (' C) 
< 3.70 26 
0.12 60 
0.15-7.0 30-76 
31- 56 
0.10-0.65 65 
0.10-0.65 20-100 
0.10-0.70 20 - 100 
0.03-11.6 42-80 
0.05-0.23 40 
0.19-0.27 36-62 
0.10-0.65 20 - 100 
0.05-18.7 47 - 81 
0.05-0.30 30 
0.04-16.2 47-81 
0.19 12 
Chapter 2 Literature review. 
35 
Table 2.1: continued. 
Material Moisture content Temperature Diffusivity 
fraction d. b) C m2/s 
Pasta, semolina 0.01-0.25 40 - 125 3.0x10' - 1.5x10' 
corn based 0.10-0.40 
Potato 0.60 
<4.0 
0.15-3.50 
0.01-7.2 
Rice 0.18-0.36 
0.28-0.64 
Soybeans, defatted 0.05 
Starch, gel 0.10-0.30 
0.20-3.0 
0.75 
granular 0.10-0.50 
Tapioca root 0.16 1.95 
Turkey 0.04 
Wheat 0.12-0.30 
0.13-0.20 
Source: Marinos-Kouris and Maroulis, 1995 
40-80 
54 
65 
65 
39-82 
60 
40-56 
30 
25 
30 - 50 
25 - 140 
25 - 140 
97 
22 
21 - 80 
20 
5.0x 10"11 - 9.2x 10-9 
2.6x10'10 
4.0x10'10 
1.7x10'9 
5.0x10"11 - 2.7x10"9 
1.3x10"11- 2.3x10"11 
1.0x10"" - 6.9x10'11 
2.0x10''2 - 5.4x10"12 
1.0x10"'2 - 2.3x10'11 
1.0x10"10 - 1.2x10"9 
1.0x10'10 - 1.5x10.9 
5.0x10'10 - 3.0x10"9 
9.0x10'10 
8.0x10"15 
6.9x1 0-12 - 2.8x10'10 
3.3x10"10 - 3.7x10"9 
Moisture diffusivity for food materials have been found to depend on several factors 
including temperature, moisture content, shape of the material, and relative humidity of the 
surrounding medium. However, because of the problem with the measurement of the 
product temperature some authors have measured the air temperature instead of the product 
temperature (Igbeka et al, 1976). Husain et al (1972) suggested that for high moisture 
foods, the use of variable diffusivity in a model describing a drying process is appropriate, 
if shrinkage effect is neglected. 
Pabis and Henderson (1961) expressed the dependence of diffusion coefficient at high 
moisture levels with temperature in terms of an Arrhenius-type expression: 
D=D. exp (-E / RTr ) (2.39) 
where, 
D. (m2 / s) is the Arrhenius factor, E (kJ / lanol) is the activation energy for diffusion at high 
moisture levels, R (kJ / kmol K) the gas constant, T` (K) the temperature of the material. 
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Later, Hustrulid (1963) found that D is also a function of initial moisture content of seeds. 
Zaremba (1977), it is reported (Jayas et al, 1991), studied in detail the dependence of 
diffusion coefficient on temperature and moisture content. He found that the diffusion 
coefficient increases exponentially with an increase in temperature. Dependence of the 
diffusion coefficient on moisture content was described by a parabolic relationship which 
he found to be more pronounced with an increase in temperature. Pabis (1982) gave the 
following empirical equation to estimate the diffusion coefficient of grain kernel: 
D( M, T) = Dog) + D, (T) M+ D2(7)M2 (2.40) 
where the coefficients D. (7), D, (7), and D2 (7), can be defined by an exponential 
expression: 
D, (T) = a, exp(fl, Tg ) 
(2.41) 
where i=0,1 or 2. 
Igbeka (1982) presented a mathematical representation of the variation of diffusivity of 
moisture during drying of cassava and potato. The relationship was based on his earlier 
experimental data. The relation is of the form: 
D= -0.0274 - 5.74 x 10-'M + 5.98 x 10'e "` +0.0275e-"To +2.23 x 10-6XR (2.42) 
where XR is the relative humidity indicator and it is 0 for RH=60% and 1 if RH= 10%, M 
is the moisture content fraction expressed on dry basis, and T. is the absolute temperature 
of the drying air. 
Effective moisture diffusivity of potato has also been expressed as a function of material 
moisture content and its temperature by Kiranoudis et al, (1993) in the form: 
D=2.94 x 10'' exp(-158 x 10' l T) exp(-6.72 x 10-2 / M) (2.43) 
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where, M is the moisture content fraction expressed on dry basis, and T is the absolute 
temperature of the drying air. From equations (2.42) and (2.43) it can be concluded that no 
single equation has been found to predict accurately the moisture diffusivity even for a 
single product. Moisture diffusivity relations are studied individually and the relation that 
best fits a given data set is chosen, however, their values generally depend on one or more 
of the following factors: material temperature, moisture content, and shape, and relative 
humidity of the drying medium. 
For a naturally wet or fresh wheat grain, Jayas et al (1991) reported the following 
expressions for evaluating its diffusion coefficient: 
D=0.99 x 10-11 Mo. 0062e, +o. ooas exp[(-0.1248, -0.09)M +0.0640,1 (2.44) 
and for dry grains of wheat which have been artificially re-wetted the expression is: 
D=2.02 x 10" Mo. oo6ze, +o. ooas exp[(-0.1248, -0.09)M+0.0640, ] (2.45) 
where D is in m2/s and 6, (° C) is the temperature of the drying air. 
From these equations, it follows that the value of the diffusion coefficient of rewetted 
wheat (at 200 C over 24 hours) was nearly twice that of the fresh grain. The increase in the 
diffusion coefficient as a result of rewetting of dry wheat has also been noted by 
Karczmarczyk (1990). 
Xiong et al (1992) postulated that the decrease in the effective diffusivity at lower moisture 
contents is a result of a decrease in the availability of water molecules for diffusion. Their 
resulting expression relating the effective diffusivity and the proportional amount of free 
water is of the form: 
D=D. exp(-Eb / RT ) 
Kexp(-Eb l RTg) 
(2.46) 
g1+K exp(-Eb l RT, ) 
Chapter 2 Literature review. 
38 
where Eb is the binding energy and is inversely related to the moisture content (Iglesias 
and Chirife, 1982), and K is an equilibrium constant. At higher moisture levels (> 70% wet 
basis) the binding energy is zero signifying that at these levels the effective moisture 
diffusivity is independent of moisture content. 
2.5.3 Drying constant. 
The drying constant depends on both material and air properties since it is 
phenomenological property representative of several transport phenomena. It is a function 
of the material moisture content, temperature, and thickness, as well as air humidity, 
temperature and velocity (Marinos-Kouris and Maroulis, 1995). The drying constant can 
be defined using the thin-layer equation (see equation 2.46). Lewis (1921) suggested that 
during the drying of porous hygroscopic materials in the falling-rate period, the rate of 
change in material moisture content is proportional to the instantaneous difference between 
material moisture content and the expected material moisture content when it comes into 
equilibrium with the drying air. If it is assumed that the material layer is thin enough or the 
air velocity is sufficiently high so that the conditions of the drying air (humidity, 
temperature) are kept constant throughout the drying of the material, the thin-layer 
equation has the following form: 
dM 
= -K(M-M_) dt --. - - --s, 
(2.47) 
where M (kg/kg) is the material moisture content (dry basis), Me (kg/kg) the material 
moisture content in equilibrium with the drying air (dry basis), and t (s) is the time. The 
drying constant is estimated by fitting the thin-layer equation to experimental data. If the 
controlling mechanism of moisture removal during a drying process is diffusion then the 
drying constant can be determined as a function of moisture diffusivity. For slabs, for 
example, the following equation is valid: 
K= n2D / L2 (2.48) 
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where D (m2/s) is the effective diffusivity and L (m) is the thickness of the slab. In the 
drying of grains, Henderson and Pabis (1961) showed that the drying rate coefficient K can 
be related to the effective diffusion, D, and an equivalent grain radius, R, by: 
K= T) ýz (2.49) -- - R2 
O'Callaghan (1954) observed that for wheat, in the temperature range 10-66° C, the drying 
constant is independent of the relative humidity of the drying air but is dependent on its 
temperature. He proposed the following equation: 
K=A exp (BT) (2.50) 
Henderson and Pabis (1961) proposed an Arrhenius-type equation to relate the thin-layer 
drying constant to drying air temperature. 
K=p exp (-q / 7) (2.51) 
where p, q are material-dependant constants. 
Van Rest and Isaacs (1968) and Chittenden and Hustrulid (1966) found that the value of 
the drying constant for shelled corn and other grains is dependent on moisture content as 
well as the drying air temperature. They found the effect of moisture content to be less 
than that of the drying air temperature. 
Syarief et al (1984) observed that the drying constant of sunflower seeds is a function of 
the drying air temperature and its relative humidity according to the equation: 
K=5.16 x 10-4T"387 + 3.45 x 10-5, W2 (2.52) 
Nellist (1974) observed during the drying of ryegrass seeds that the inclusion of moisture 
content and humidity in the form: 
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K=a exp (bT+cH+dM, ) (2.53) 
improved the fit of the curve to the experimental data. 
In the drying of green pepper, drying constant was observed to be a function of the material 
moisture content, temperature, and thickness, as well as air humidity, temperature and 
velocity of the form (Kiranoudis et al, 1992): 
K=b. Mb, Tb=db'ub" (2.54) 
where, b, = 1. llx 10"S, b, = 9.03 x 10"2, b2 = 1.54, b3 = -0.982 andb4 = 0.293. 
2.5.4 Thermal conductivity. 
Thermal conductivity, is a material property indicating the ease and speed with which heat 
is conducted through the material and, is defined as the proportionality constant in 
Fourier's law for steady-heat conduction as: 
g =-kAý (2.55) 
According to Lof (1962) if products are dried in layers of sufficient depth; thermal 
conductivity must be high enough to allow heat conduction from one layer to another. If 
on the other hand thermal conductivity is very poor, circulation of heated air through the 
particles of the moist product would permit better heat transfer than direct radiation on the 
surface of relatively deep bed of particles. Since most agricultural products have relatively 
low thermal conductivity values, it follows from the observation of Lof (1962), that 
passing heated air through a bed of a product during drying will invariably increase the 
drying rate. 
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A compilation of thermal conductivity data for porous materials are available in the 
literature (Wallapapan et al, 1986; ASHRAE, 1989; and Mujumdar, 1995). Theoretically, 
models for predicting the effective thermal conductivity of porous materials are derived 
from the analysis of heat transfer processes through such materials. The thermal 
conductivity of a material is largely influenced by its moisture content and its temperature. 
For hygroscopic materials, models which are moisture content dependent in the form : 
k, =k. +b 
Me, 
db 
1+ Me, db 
(2.56) 
have been widely used. In equation (2.56), MC. db is the moisture content of the material 
expressed on dry basis. During drying, the amount of heat supplied to a wet product 
surface equals that which penetrates by conduction and that spent for moisture 
vaporisation. A better estimate of the thermal conductivity value is therefore of primary 
importance in drying models. The thermal conductivity of a bulk material filled with air 
can be estimated from the expression (Sokhansanj and Jayas, 1995): 
k=k8vf + k, (1-vf) (2.57) 
where vf is the void fraction, kg is thermal conductivity of air, and k, is the thermal 
conductivity of the material as given by equation (2.56). 
2.5.5 Heat and mass transfer coefficients. 
The rate of heat transfer between a solid surface and fluid may be defined as the 
proportionality factor in the Newton's law: 
Qý =h, AAT (2.58) 
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where QQ (W) is the rate of heat transfer by convection, h, (W/m2 K) is the convective 
heat transfer coefficient, A (m) heat transfer area, AT (K) is temperature difference 
between the solid surface and the fluid. 
Two general methods are available for the determination of convective heat transfer 
coefficients from a crop bed: (1) dimensional analysis by correlating existing data (based 
on the film temperature), and (2) direct measurement of heat transfer coefficient by 
comparing temperature curves with Schumann's exact solution, based on the mean 
temperature of the sample. 
Schumann (1929) made a significant contribution in the field of heat transfer by 
developing the following analysis for fluid and solid temperature distribution in a packed 
bed of crushed material: 
.0T, 
oz 
a T. 
T, - T, 
. 0y 
(2.59) 
(2.60) 
where Y= k2 x/v, z=k, (t -x / v), T. = temperature of the fluid, T, = temperature of 
the solid, x= distance traversed by the fluid in the bed, t= time, k2 =k/ ha f,, 
k, =k/h, (1- fP) ,k= constant of heat transfer, h, = heat capacity per unit volume of 
the solid, h, = heat capacity per unit volume of the fluid, f,,, = free space per unit volume. 
He presented the following solution involving mathematical functions related to Bessel 
Function: 
T, 
= e-r-z l°° Z" M"(YZ) 
T" 
= e-r- zý Z" M"(YZ) L. T. ". 0 
where M (YZ) =d 
'M. (ý) 
, M. (YZ) = lo (2 R/Y), d(YZ) 
(2.61) 
(2.62) 
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I. = (2 YZ) and T. = initial temperature of the fluid. 
The numerical values of TjT. and Ta/To were calculated from equations (2.61) and 
(2.62) for values of Y and Z ranging from 0 to 10 and the results presented graphically. 
Fumas (1930) developed an interesting alternative numerical method of solution for the 
differential equations developed by Schumann and extended the temperature history curves 
for values up to 500. He also demonstrated the use of the computed temperature history 
curves to calculate the heat transfer coefficient from observed data on temperature history. 
Colbourn (1933) made a significant contribution in the determination of heat transfer 
coefficient by proposing a general method to correlate the forced convection heat transfer 
data which involves plotting, against Reynolds number, a dimensionless group 
representing the experimentally measured data from which heat transfer coefficient would 
be determined, namely [(T, -T2 )/ ATM 
]S /A or its equivalent hu / (c,, G), multiplied by 
(c,,, p/k )'3. He called this dimensionless group the j-factor and by definition; 
Y3 
(T - Tz) S ýaýý 
33 
__ 
h,, rCpoý 3 
AT. A( k) c Gl k) ý 
(2.63) 
where jw is the Colbourn j-factor for heat transfer, (T, - TZ) is the temperature change, 
AT. the mean temperature difference between the fluid and the surface, S is the cross- 
sectional area of air flow, A is the heat transfer area, co,, is the specific heat of the fluid, 
p is the viscosity of the fluid, k is the thermal conductivity of the fluid, h. is the surface 
heat transfer coefficient, and G is the mass-flux. 
Gamson et al (1943) conducted a series of experiments on heat and mass transfer using 
spherical and cylindrical catalyst carrier pellets of diameters from 2.29 to 18.8 mm and 
cylinder heights 4.78 to 16.9 mm under conditions of constant drying rate, at temperatures 
from 26.7 to 71.1° C and at mass flux of air ranging from 0.54 to 3.12 kg/s. m2. They found 
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a remarkable correlation of experimental data by plotting the heat transfer factor, j. 
against modified Reynolds number, deG /, a. For turbulent flow, 350 <Re < 4000 
rd Gl -0.41 
=1.064 cPG `I 
(CaP) 
(2.64) 
4 
where Re = Reynolds number, and de, is the effective particle diameter, and G=up.. 
It was observed that for all conditions of flow, turbulent, laminar or transition, the ratio of 
jti to jd remained constant and equivalent to 1.076. 
Wilke and Hougen (1945) using a similar method of analysis proposed a correlation of an 
experimental data by plotting the mass transfer factor jd , against the Reynolds number as 
follows: 
jd =1.82 Re-0s' for 40 < Re <_ 350 (2.65) 
id = 0.98 9 Re-0-4 for Re > 350 (2.66) 
For through-circulation drying where the gas flow is either upwards or downwards through 
a permeable bed of wet granular solids, the results of Gamson et al (1943) and Wilke and 
Hougen (1945) are applicable for evaluating the rates of adiabatic evaporation of water 
from packed beds of porous solids (Porter et al, 1973; Sokhansanj and Jayas, 1995). 
Lof and Hawley (1948) following the measurement of the time-temperature relationship at 
the exit of a packed bed of granite gravels, determined the heat transfer coefficient by using 
the Schumann curves. They found that the results could be correlated by the equation 
r llo7 
hn = 650( 
GJ 
dý 
(2.67) 
Alanis et al (1977) measured the volumetric heat transfer coefficient of a rock pile by 
means of the transient method where a temperature step was applied to the bed, and the 
time-temperature relations obtained for fluid at different points in the pile were compared 
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with the theoretical curves computed by Schumann and Furnas. The following equation 
was developed for the volumetric heat transfer coefficient: 
l 0.96 
hý,, =824I I (2.68) 
where h, is the volumetric heat transfer coefficient in W/m3 ° C, G is the mass-flux in 
kg/s m2, and d1 is the particle diameter in metres. 
In the deep bed drying of malt, with an equivalent diameter of 4.57 mm, Bala and Woods 
(1984) performed nine experiments for air mass-flux values in the range 0.35 - 0.62 kg/sm2 
and air inlet temperatures of 50° to 70° C. Their experimental data was analysed by 
plotting temperature profiles at given time intervals in a dimensionless form and compared 
with the theoretical predictions by Schumann (1929). Their results were correlated by the 
equation: 
hN = 4932 x 10' G°. 
6906 (2.69) 
where h,,, (W/m3 K) and G (kg/s m2). 
Barker (1965) reviewed 244 papers on heat transfer in packed beds. He found that there 
was a general agreement amongst most investigators in the correlations presented in the 
literature. He observed that the agreement is generally by a multiplying factor of about 2 
for Reynolds numbers ranging from 10 to 100,000. Bala (1983) obtained a similar result. 
Shewen et al (1978) extensively reviewed the available literature on the heat transfer in 
pack beds and subsequently recommended the Lof and Hawley (1948) equation. 
The correlation obtained using the Culbourn approach generally predicts higher values of 
heat transfer coefficient in packed beds than those obtained using the Schumann analysis 
and therefore can over-predict the rate of moisture removal. As a factor of safety and from 
the design point of view, the correlation obtained by the Schumann analysis is to be 
preferred. 
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2.6 Psychrometry in relation to drying 
As stated previously, two processes occur simultaneously during the thermal process of 
drying a wet product: heat transfer, to change the temperature of the wet product and to 
evaporate its surface moisture, and mass transfer of moisture to, and its subsequent 
evaporation from, the surface of the product to the surrounding medium. The drying 
medium is moist air, which is a binary mixture of dry air and water vapour. Relationships 
that can be used to model the inter-relationships between air and water vapour (i. e. 
psychrometric properties) are provided in the literature (Brooker et al, 1974 & 1978; Daly, 
1992; and ASHRAE, 1993). 
The water vapour saturation pressure for the temperature range of 0 to 200° C is given by 
(ASHRAE, 1993): 
lIIlPvtý = C, ITdb+CZ'FCjTdb'F'C4TdbZ+CSTdb3-FCý 6(Tdbý (2.70) 
where C, = -5.800 220 6x 103 , C2 =-5.5162560, 
C3 =-4.864 023 9x 10-2, 
C4 = 4.176 476 8x 10, C5 = -1.445 209 3 x'10-8, C. = 6.545 967 3 and Tdb is the 
dry-bulb temperature. 
or by (Brooker et al, 1974): 
P. =R exp IA + BTdb + CTdbs + DTdb3 + ETdb4 FTdb - GTdb 2 
where, 
P. = saturated water vapour pressure of the drying air, N/m2 
R= 02210564925 x1O, A=- 0274055258361 x 105, B= 054189 x 102, 
C=-0.451370 x 10-', D= 02153214 x 10-4, E 0.462027 x 10-' 
F= 0241613 x 10, G=0.121547 x 10-2 
Tdb = dry bulb temperature, K. 
(2.71) 
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The absolute humidity of moist air (kg water vapour/kg dry air) in the temperature range of 
255 K to 533 K is given by: 
H- 
0.6219P,, 
PQý, -P v 
(2.72) 
where, P, is the partial pressure of water vapour in the moist air sample which is evaluated 
from equation (2.70) or (2.71) by putting Tdb equal to the wet bulb temperature of the 
surrounding air. 
The saturated humidity, H, , is the absolute humidity of moist air saturated with respect to 
water at the same temperature, T, and pressure, P. Its value is obtained from the equation 
(2.72) by putting Pr = P.. wb. 
The wet-bulb temperature can estimated from the relationship below (ASHRAE, 1993) 
(2501(H, 
- H, *) + 9d, (1.805 H, + 1)) 9ý 
(- 2.381H, * + 4.186H, ) 
(2.73) 
where HS is the humidity of moist air at saturation thermodynamic wet-bulb temperature, 
or from the following relationship given by Brooker et al, (1974) 
P -P Twb w. wb (2.74) - Tdb ý'db 
B 
where, 
B= 
1006.9254 (P., 
wb - 
PQ. )1+0.15577 P,,. db /Pan,, 
, 
0.62194 hfg, wb 
(2.75) 
and the latent heat of vaporisation of water vapour from moist air, h, (J/kg) is calculated 
using one of the following relationships (Bakker-Arkema et a1,1978): 
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(2.76) 
h fg = 
(7329155978000 
- 15995964.08 T2Y/2, for 339 <T: 5 533 K (2.77) 
To evaluate the wet-bulb temperature by using either equation (2.73) or (2.74) requires a 
trial and error or a numerical solution method. The latent heat or heat of evaporation is 
evaluated at the wet-bulb temperature of the air in contact with the surface of the product 
(Daly, 1992). This statement assumes that at steady-state, the temperature of the wet 
surface of the material being dried is equal to the wet-bulb temperature of the air in contact 
with the surface of the product. However, in a mixed mode dryer since the surface 
temperature of the wet product is greater than the wet bulb temperature of the surrounding 
air, it is reasonable to assume a value of about 5 to 15K more than the wet bulb 
temperature as an initial guess. 
The dew-point temperature, 6d , of moist air with humidity H and pressure P is defined by 
(ASHRAE, 1993) 
P,,,, (ta )=P, = (PH) / (0.62198 + H) (2.78) 
where, P is the water vapour partial pressure for the moist air sample and PWS(td) is the 
saturation vapour pressure at temperature 6d . Alternatively, the dew-point temperature 
can be calculated from the following equation (ASHRAE, 1993) 
Bd =a+ ba+ca2 +da' +e(Pw)0.198e (2.79) 
where, Bd = dew point temperature, Oc 
a= ln(P,, ) 
Pw = water vapour partial pressure, kPa 
a=6.54, b= 14.526, c=0.7389, d=0.09486 and e=0.4569 
The specific volume of moist air (m3/kg. dry air) can be determined, by assuming ideal gas 
behaviour, by the following equation (ASHRAE, 1989): 
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v= 
RQT (1-+1.608H) 
P. 
(2.80) 
The density of moist air is evaluated as a reciprocal of the humid air specific volume from 
equation (2.80). 
The relative humidity fraction is calculated from the following relation given by Daly 
(1992): 
RH =1P.. wb - 
66.61 (Bý - 6wb) (2.81) P, 
s, ý \ 
10,000 
or from the definition 
P 
RH = P. 
a, db 
(2.82) 
where, Odb and Ob are the dry-bulb and wet-bulb temperatures in °C, P, s, db and 
P,,, 
wb 
are the saturation vapour pressure in Pa at edb and ewb respectively, and P.. is the 
barometric pressure in Pa. 
The specific enthalpy (or total heat) of moist air, per kilogram of dry air, is given by: 
h= CppBdb + Cp,,, H9db + Hhfa (2.83) 
where Cpa is the specific heat capacity of dry air and the other dependent variables are as 
previously defined. 
vs, db 
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2.7 Drying simulation 
Ability to predict the rate at which a wet product dries in a given type of dryer can assist 
designers in developing similar dryers for maximum efficiency. Computer simulations can 
help researchers to understand the mechanisms and the processes involved in drying. 
Morey et al (1978) have shown that a comprehensive drying simulation model must 
include a thin-layer drying equation to predict the rate of moisture removal from the crop 
bed. 
This section references the two methods of analysing the rate of drying of wet agricultural 
products. The first part considers the drying of the product as individual particles or in 
thin-layers and the next section considers the practical situation in which the products are 
dried in deep-beds. A review of mathematical expressions describing the drying rate of 
agricultural crops in thin-layers is presented. The use of these expressions in predicting the 
moisture loss from crops in conventional dryers is reviewed. The practical importance of 
thin-layer expressions, according to Bakker-Arkema et al (1978), is limited since 
agricultural crops, as they stated, are dried not as individual particles or in thin-layers; 
instead, crops are dried in either a stationary or a moving deep-bed. Nevertheless, the set 
of equations describing the drying of agricultural crops always include an expression that 
describes the rate of moisture removal from a thin-layer. Hence, in the second part of this 
section, the method of analysis of drying of a deep-bed of agricultural crops is reviewed. 
2.7.1 Thin-layer drying equations. 
A thin layer may be defined, contrary to a beep bed layer, as one in which there is no 
moisture gradient through the layer during drying. The thin-layer drying concept assumes 
that the ratio of the material volume to air is such that there is only a small change in 
temperature and relative humidity of the drying air when it exits the crop bed compared to 
its inlet conditions (ASHRAE, 1989). In crop drying, material depths of up to 200 mm are 
considered as thin-layers (Hall, 1975); but as pointed out by Henderson and Perry (1976), 
even depths as small as 25 min provide evidence of moisture gradient and, thus may be 
considered as `deep beds'. 
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The search for an accurate method of describing the drying rate of a thin-layer of material 
in a stream of air at constant temperature, velocity and absolute humidity (constant external 
drying conditions) has often been reported in the literature (Karel et al, 1975; Suarez et al, 
1980; Igbeka, 1982; Hutchinson and Otten, 1983; and Chiang and Peterson, 1985). 
Thin layer drying equations relate the rate of moisture loss to the drying conditions (drying 
air temperature, velocity and relative humidity) and the initial moisture content of the crop; 
they are based on empirical studies, or derived from theoretical or semi-theoretical 
considerations. In the theoretical approach, the equation is derived from either the 
diffusion equation or from simultaneous heat and mass transfer equations. In the semi- 
theoretical approach, approximated theoretical equations are used. In the empirical 
approach, experiments are conducted and empirical equations are developed to fit the 
experimental data. The main justification of the empirical equation is a satisfactory fit to 
experimental data (Zaman and Bala, 1989) and the subsequent benefit in describing thin- 
layer and deep bed drying of crops. The reasons for using theoretical equations are to give 
some physical explanation and understanding of the heat and mass transfer processes 
involved in drying of agricultural products. The approximated equations are simpler and 
take less computing time in comparison to the theoretical equations (Morey et al, 1978). 
The following mechanisms have been proposed to account for moisture movement in 
capillary-porous solids such as agricultural crops (van Brakel, 1980; Brooker et al, 1974; 
Bakker-Arkema eta!, 1978): 
1) liquid diffusion due to moisture concentration gradient; 
2) vapour diffusion due to partial vapour pressure gradient; 
3) capillary flow, liquid movement due to surface forces ; 
4) surface diffusion, liquid movement due to diffusion of moisture on the crop surfaces; 
5) thermal diffusion, vapour movement due to temperature differences; and 
6) hydrodynamic flow or filtration, liquid or vapour flow due to differences in total 
pressure. 
Liquid diffusion, according to Igbeka (1982), is the most appropriate mechanism to 
describe the drying behaviour of cassava. Liquid and/or vapour diffusion have been 
assumed to be the primary mass transfer mechanism(s) in drying studies on cereal grains 
Chapter 2 Literature review. 
52 
and similar products (Hutchinson and Otten, 1983). The most widely investigated 
theoretical model in the thin-layer drying literature is the diffusion model, given by Fick's 
law (see equation 2.5). 
The assumptions inherent in the diffusion model are as follows: 
1) the primary mechanism for moisture transport is diffusion; 
2) the principal driving force for mass transport is the internal moisture content gradient; 
3) temperature within the kernel is assumed constant; 
4) the resistance to moisture flow is uniformly distributed throughout the interior of the 
material; and 
5) either vapour or liquid diffusion predominates. If both processes occur simultaneously, 
the diffusion coefficient must represent the combined effects of liquid and vapour 
diffusion. 
Van Arsdel (1947) suggested that the diffusion equation could be used to describe the rate 
of moisture movement from a solid, if the potential for the moisture diffusion is 
represented by either concentration or vapour pressure gradient. Wang and Hall (1961) 
hypothesised that if the temperature distribution within a product being dried is assumed 
uniform, then the diffusion equation with concentration as the driving force is adequate in 
describing moisture movement from the product. Igbeka (1982) added that if resistance to 
moisture flow during drying is assumed to be uniformly distributed throughout the interior 
of the product, then the diffusion equation would be an appropriate model to describe 
moisture movement during drying of capillary porous materials. The selection of either 
moisture content gradient or vapour pressure gradient as the driving force for diffusion has 
been a subject of controversy. Babbitt (1949) and Bramhall (1979) maintain that vapour 
pressure gradient more consistently accounts for experimentally observed phenomena than 
does the concentration gradient. Babbitt explains that since vapour pressure is a function 
of moisture content and temperature, moisture transfer in response to a temperature 
gradient follows easily using the vapour pressure gradient as the driving force. Referring 
to this explanation, then under non-isothermal drying conditions as experienced in 
conventional dryers, it might be prudent to recognise vapour pressure gradient as the 
driving force for moisture diffusion rather than concentration gradient. 
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Waananen et al, (1993) presented a table summarising the mass transfer driving forces and 
the listed the various mechanisms used by previous researchers. In all they presented about 
194 studies, out of which concentration gradient was applied as the sole driving force for 
moisture diffusion in about 67 % of the cases studied. The relationship between pressure 
gradient and moisture content gradient is not a linear function and therefore it would be 
simpler and easier to model a drying process using moisture gradient as the driving force 
for the diffusion process. In this way theoretical predictions of the moisture content of the 
drying product can be reliably compared with experimentally obtained results. 
The exact solutions of the diffusion equation characterising moisture transfer in plane 
sheets, finite cylinders and spheres are listed by Young and Whitaker (197 1 ab) and 
Crank (1975). The solution for a sphere, cylinder and the plane sheet commonly used for 
simulating moisture transfer in crops are respectively: 
M- M, 
__ 
6ý 1 
eXp1 n2 D7t2t/r21 (2.84) M. - M, II ,,., n 
Mt_ -M_ 
.0Z42 
exp (- D a2 t) M, -Mt 
ýaa 
M-Me 
M, M. ýZ _o (2n + 1) 
(2.85) 
exp [- (2n + 1)2 D; c2t /Z2] (2.86) 
where the a. ' s are the Bessel function roots of the first kind and order zero.. 
Solutions to the diffusion equations are restricted to conditions where the temperature, 
humidity, pressure, and velocity of the drying air are constant (Hougen et al, 1940). 
Referring to this statement, the assumption of a quasi-steady state analysis of the dynamic 
phenomena of drying could be justified. Agricultural crops, like wood, have water held in 
them in the form of bound and free water, thus diffusion equations can be applied for 
describing the variation in moisture content during drying, provided they agree with 
experimental data on moisture distribution during drying (Hougen et al, 1940). 
Chapter 2 Literature review. 
54 
Babbitt (1949) appears to be the first to apply diffusion equation to data for agricultural 
crops. He developed and applied the equation to the rate adsorption of water by wheat and 
to the rate of drying as well. Pabis and Henderson (1961) have shown that a three 
dimensional equation of internal diffusion with diffusion coefficient varying with time 
describes the drying curve very well for shelled yellow corn dried in a single kernel layer. 
They found that treating the grain as sphere gave satisfactory results. 
Chinnan and Young (1977) considered peanut pods as composite spheres consisting of 
different materials where the inner core and the outer shell represented the kernel and hull 
respectively. They considered two mathematical models, one assuming moisture 
movement by vapour diffusion and the other by liquid diffusion. The liquid diffusion 
model was found to give a better fit with experimental data for thin layer drying than the 
vapour diffusion model in the falling rate period, though the vapour diffusion model gave a 
better fit over the total drying period, with a lower sum of squares of deviation between 
observed and predicted values, than the liquid diffusion model. Products modelled using a 
slab geometry include tapioca root (Chiri fe, 1971); apple (Roman et al, 1979); starchy food 
product (Igbeka 1982); and sugar beet root (Vaccarezza et al, 1974). 
In addition to the exact solutions of equation (2.5), other relations or simplified solutions 
have frequently been employed in crop drying analyses. Lewis (1921) suggested that the 
rate of drying during the falling rate period is directly proportional to the difference 
between the actual moisture content of the material and the equilibrium moisture content, 
i. e : 
dM 
dt =-k 
(Af - life) (2.87) 
After separating variables, equation (2.87) can be integrated to equation (2.88) or (2.89): 
In(M -"e = -kt M -M) 
(2.88) 
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M-M 
M. - M. 
= exp(-kt) (2.89) 
Equation 2.88 or 2.89 is commonly known as the exponential model. It was derived based 
on the approximated differential equation for diffusion on the following assumptions: 
a) the resistance to moisture movement is concentrated in a layer at the surface of the 
material, 
b) the initial moisture content of the material is not very high (less than 100 to 200 per cent 
on dry basis, depending on the material), since the drying rate no longer increases with 
moisture content but remains constant, 
c) the material does not shrink greatly during drying, and 
d) the drying coefficient, k, is a constant, though for a given material it varies with rate of 
diffusion and of surface evaporation and with its thickness. 
It has been noted (ASHRAE, 1977) that equation (2.88) or (2.89) alone does not describe 
the usual drying process where grain is dried in a deep-bed because the drying air changes 
condition but does not necessarily reach moisture equilibrium with the crop. This 
notwithstanding, it has been widely used by a number of researchers. 
Equation 2.87 was used by Ross and White (1972) to study differences in the drying 
characteristics of white and yellow corn. This equation was also used by Westerman et al, 
(1973) to study relative humidity effects on high temperature drying of corn; by 
Rodriguez-Arias (1956) to describe the thin-layer drying data of corn; by Hukill and 
Schmidt (1960) in their study of drying rates of fully exposed grain kernels; by White et al, 
(1981) in their study of drying behaviour of fully exposed popcorn; by O'Callaghan et al, 
(1971) in their simulation of agricultural dryer performance. 
Henderson and Perry (1976) also reported that during the falling-rate drying period, the 
moisture removal rate (the drying rate) is inversely proportional to the moisture to be 
removed or the "free moisture" (M - K) as k (Af - llf, ), where M is the average dt 
moisture content of crop bed. 
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Sherwood (1936) contends that equation (2.87) should not be applied to the constant-rate 
drying period. If no constant rate period occurs, according to Sherwood, equation (2.87) 
will hold reasonably well, particularly when the drying curve is in the falling rate period. 
Sherwood (1936) noted that in certain slow-drying solids no constant rate period appeared, 
and internal liquid diffusion controlled the process from the start. The models of Lewis 
(1921) and Henderson and Pabis (1962) assumed that all the resistance to moisture flow 
was concentrated in a layer at the surface of the material. On the other hand, if it is 
assumed that the resistance to moisture flow is uniformly distributed throughout the 
interior of the material, then the fundamental diffusion equation would be an appropriate 
model describing the rate of moisture loss from an agricultural crop (Sherwood, 1936). 
Hukill (1947) also observed that the rate of moisture loss is approximately proportional to 
the difference between the moisture content of the grain and the equilibrium moisture 
content (i. e. the amount of moisture available to be removed) for corn and sorghum. Thin- 
layer drying relations for cereal grains other than shelled corn have been proposed for 
barley (O'Callaghan et al, 1971), soybeans (Sabbah et al, 1976), rice (Walker, 1977), 
wheat (Watson and Bhargava, 1974; M'Ewen and O'Callaghan, 1954; Simmonds, Ward 
and M'Ewen, 1953a, b). 
M'Ewen and O'Callaghan (1954) proposed the following exponential thin-layer drying 
equation for wheat in the temperature range 21° C -77° C: 
10M 
r_- 
23 m (df -)fß) (2.90) 
where m is an exponential function of temperature only and Af. has been correlated as a 
function of relative humidity and temperature of the drying air. They proposed that the 
value of the rate constant for wheat of normal size, approximately 3.3 mm in diameter 
(0.13 in diameter), is given in the temperature range 2 1° C to 77° C by 
log, om=O. 
F-159 
87 
where 6,. F is the air dry bulb temperature, 0 F. 
(2.91) 
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In another study, Hall and Rodriguez-Arias (1958) plotted their data for shelled corn fully 
exposed to various drying conditions on semi-logarithmic graph paper using Equation 
(2.87). They reported that the plots yielded excellent straight lines over restricted regions 
of the curves with sharp changes in slopes occurring at regular intervals between the linear 
portions. They concluded that the drying rate constant vary in step-wise fashion occurring 
at intervals throughout the drying process. They reported that the drying rate constant 
increases as a function of temperature quadrupling in value as the temperature was 
increased from 4.5 to 60° C. They suggested that at temperatures above 37.8° C it would be 
sufficient to use equation (2.87) in the exponential form to characterise the drying rates. In 
another study, Ayensu and Bondzie (1986) observed that the drying curves of cassava 
leaves (initial moisture content 72%, wet basis), pepper (initial moisture content 68%, wet 
basis), cassava chips (initial moisture 75%, wet basis) and fish (initial moisture content 
80%, wet basis) consisted of two distinct parts: the constant rate portion and the falling rate 
portion. They reported that the two distinct portions of each of the drying curves could be 
represented by equation (2.87), where k is the drying constant which can be evaluated 
differently for the constant period (as k1) and for the falling rate period (as k2 ). Equation 
(2.87) according to Ayensu and Bondzie can be applied to the constant and the falling rate 
periods respectively in the forms: 
M- Mý 
M. - Af` 
= exp (- k, t, ) for the constant rate period 
M- M' 
M. - M' 
= exp (- k2 t«) for the falling rate period 
where MM is the critical moisture content. 
(2.92) 
(2.93) 
A modified form of the basic exponential drying equation, sometimes referred to as the 
Hustrulid & Flikke equation (Hustrulid and Flikke, 1959), has also been used by a number 
of researchers (Ross and White, 1972; Sharaf-Eldeen et al, 1980; White et al, 1981; Chiang 
and Petersen, 1985; Patil and Ward, 1989; Diamante and Munro, 199lb, 1994); it is of the 
form: 
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Al - M, 
=a exp(-kt) M. - Af. 
(2.94) 
Equation (2.94) has been successfully used and validated for deep-bed solar air drying of 
rape seed by Patil and Ward (1989). Harvey et al, (1985) successfully fitted equation 
(2.94) to drying data obtained from the drying of sorrel, a high moisture crop, in a solar 
cabinet dryer from a moisture content of 90% (wet basis) to about 11 % in 4 days. 
A simplified form of the Fick diffusion equation (SFFD) applicable to long drying times 
(Chirife and Cachero, 1970) is very similar to equation (2.93) and has the form: 
1lf-Mý ; r2 D 
M M= a exp(- 4 L2 
t) 
e- ý 
(2.95) 
Equation (2.95) has been one of the most widely used equations in modelling drying rates 
of crops of high moisture content (Chirife and Cachero, 1970; Vaccarezza et a!, 1974; 
Igbeka, 1982; Diamante and Munro, 1993). 
An alternative approach to the analysis of thin-layer drying data has been to use purely 
empirical relationships. Very good fits of experimental data have been reported by 
researchers using purely empirical relationships (Hutchinson and Otten, 1983; Morey et al, 
1978; Brooker et at, 1974). One equation that has been widely used in thin-layer studies of 
a variety of materials (Hutchinson and Otten, 1983) is Page equation. 
Page (1949) (cited by Hall and Rodgriguez-Arias, 1958 and Van Rest and Isaacs, 1968), on 
the basis of his investigation on the basic drying rates of shelled corn at Purdue University, 
proposed an empirical equation for describing thin-layer drying of the form: 
Af. M. =exP(-kt) 
(2.96) 
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where n is an experimental constant, and the value of the constant k was determined on the 
basis of time, t, expressed in half-response units. Page found that the constant n was a 
function of the relative humidity and obtained values of 0.60,0.65 and 0.83 for relative 
humidity values of 35,50 and 70% respectively, and 0.68 fork. 
Other researchers (White et al, 1973; Misra and Brooker, 1980; Bala 1983; White, Bridges, 
Loewer and Ross, 1981; Li and Morey, 1984; Syarief et al, 1987; Diamante and Munro, 
1991 a, b; Janjai et al, 1994; Hutchinson and Otten, 1983; Agrawal and Singh, 1977; Wang 
and Singh, 1978; Overhults et a!, 1973) have also used Page equation to adequately fit 
and/or predict the thin-layer drying data of shelled corn, rough rice, malt, white beans and 
soybeans. In utilising Page equation, White et al (1973) expressed the time t in hours or 
actual time units and found both n and k to be functions of drying air temperature. 
Misra and Brooker (1980) identified Page's equation as more promising for shelled corn. 
They gave an equation for k which is a function of drying air temperature and velocity and 
further described an equation for n as a function of drying air relative humidity and initial 
grain moisture. Their equation is valid for drying air temperature in the range of 2.5 to 
700 C, drying air relative humidity ranging from 3 to 83%, drying air velocities from 0.025 
to 2.33 m/s, and initial moistures of 18 to 60% (dry basis). 
Li and Morey (1984) also obtained satisfactory fits for their drying data using equation 
(2.95) and found that within the limits of drying airflow rates and air relative humidity 
values used, k and n can be expressed as functions of air temperature and initial grain 
moisture only. Their equations for k and n apply to air temperatures ranging from 27 to 
116° C, initial grain moistures in the range of 23 to 36% dry basis, airflow rates from 0.27 
to 1.34 m/s, and air relative humidity ranging from 5 to 40%. 
Bala (1983) fitted equation (2.96) to the thin-layer drying data of malt and found the 
exponent, n, of the equation to be a function of the drying air temperature and its relative 
humidity; but suggested that the contribution of the relative humidity term to the value 
could be ignored without a meaningful loss of accuracy. 
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Van Rest and Isaacs (1968) investigated exposed layer drying rates of shelled corn, wheat 
and oats for a variety of conditions. They found that the basic logarithmic model proved 
moderately adequate for wheat, but it failed to provide adequate fit for corn. They reported 
that the Page equation described the experimental data better than the logarithmic model 
for each of the crops. They tested also another empirical equation of the form: 
They found equation (2.97) to be more useful than the logarithmic model. 
Flood et al, (1972) developed an empirical relation similar to Page's equation to describe 
the thin-layer drying of corn with natural air as the drying medium. They used actual time 
units for t and reported n to be constant (equal to 0.664) but k was described as a function 
of both drying air temperature and its relative humidity. 
It was noted by Syarief et at, (1984) that the choice of the unit for time variable in the Page 
equation is very important. For example when t equals 1, no matter the time unit, t" also 
equals 1 irrespective what the value of n. Often n is made a function of some parameter 
(eg. drying temperature, Syarief et al, 1984) in developing a general model. Syarief et al, 
argued that since when t equals 1, n has no effect on 1". the parameter would have no effect 
on the drying rate. They also observed that if the hour was chosen as the unit of time, 
unreliable prediction of the drying rate occurred in the middle of the drying period for 
many conditions. If the minute was chosen as the unit of time, the problem occurred at the 
beginning of the drying period and had little effect on the resulting model. For these 
reasons, Li and Morey, (1984) and Syarief et al (1984) recommend the unit of time in 
minutes when using the Page's model. 
M-Af, 
Af, -Af, 
_ p-glogt (2.97) 
Troeger and Hukill (1971) developed the following empirical model for shelled com 
dM 
= -k(Af -Af_)' dt I" 
(2.98) 
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where, a is an arbitrary constant. They also observed that the use of three regions rather 
than a single region allows a good fit of the entire drying curve. They proposed a set of 
empirical drying equations for shelled corn in the temperature range of 32 to 71° C. 
Equation (2.96) may be modified to include the dependence on sample thickness as a 
simplification of the Fick's diffusion equation to give the modified Page equation 
(Diamante and Munro, 1991b): 
Al - Af, 
M, - Mý 
= exp(-k[t / L2 ]" 
) (2.99) 
Diamante and Munro (1991b) studied the effect of air dry bulb temperature, air relative 
humidity, air velocity and sample thickness on the thin-layer drying of sweet potato slices 
in a conventional tunnel dryer. Each of equations (2.95)-(2.97) and (2.99) was fitted to 
their drying curves (M vs. t) for 29 experimental runs using linear regression analysis. 
They found that the modified Page equation best described the thin-layer drying of sweet 
potato slices from moisture content in the range 179 to 251% expressed on dry basis, down 
to a moisture content of 10% on dry basis. Diamante and Munro also found that the drying 
air temperature and the sample thickness were the major variables affecting the drying rate 
of sweet potato slices. They concluded that air humidity had a small effect on drying rates 
within the humidity range of 10-15%. The thickness of the sample has also been shown to 
influence the rate of drying in the studies of Igbeka (1982) and Chirife and Cachero (1970) 
for cassava or tapioca slices and Vaccarezza et al (1974) for sugar beet slices. The effect 
of air dry bulb temperature on drying is well documented in the literature (Igbeka, 1982; 
Hutchinson and Otten, 1983; Chiang and Petersen, 1985). Contrary to the observation of 
Diamante and Munro (1991b), several investigators have shown that air relative humidity 
below 20% has an insignificant effect on drying rates (White et al, 1973; Chiang and 
Petersen, 1985). It is revealing from the above studies that the effect of the air relative on 
the rate of drying cannot be ignored. A number of researchers have chosen to neglect the 
effect of air flow rates in the analysis of thin-layer drying data, citing the conclusion of 
Henderson and Pabis (1962) that resistance to moisture movement at the surface is 
negligible compared to internal resistance for turbulent flows, which occur in most 
conventional dryers. However, Islam and Flink (1982) pointed out that at air velocities of 
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2.5 m/s or less, the external mass transport resistance is significant and needs to be 
considered in the analysis of the drying data. The study of Diamante and Munro (1991b) 
showed this to be the case for air velocity within the range of 0.5-3.0 m/s. In natural 
convection solar dryers, air flow rates are relatively low enough for external mass transport 
resistance to be considered. 
Thompson, Peart and Foster (1968) performed a series of thin-layer drying test at Purdue 
University in 1963. The main variable of their investigation in the tests conducted was the 
drying air temperature, however, other explanatory tests were performed to evaluate the 
effect of airflow rate and the product (corn) variety on drying rate. The tests were 
performed with corn at initial moisture contents of 19,23, or 33% expressed on wet basis, 
for drying air flow rates of 20 and 60 cfin/ft2 and at temperatures ranging from 49 to 
171° C. They reported that the results of each drying test were analysed by fitting the 
experimental data to two thin-layer equations. The first was the simple exponential drying 
relation and second was a second-order exponential curve of the form: 
t=AInhfR + B(InhfR)2 (2.100) 
They reported from the plots of the experimental data and those predicted using the simple 
exponential relation that the simple exponential relation did not adequately represent the 
experimental results. However, the plot of experimental drying results and those predicted 
by equation (2.100) showed a reasonable representation of the experimental results for the 
wide range of temperatures used. Thompson and Peart (1968) subsequently proposed 
equation (2.100) for predicting the drying rate of shelled corn in the temperature range of 
49° C to 171° C, where, t= time in hours, 0, = temperature in ° F, 
A=-1.862 + 0.004880, and B= 427.4 exp (- 0.0330, ) . They assumed the Henderson 
(1955) equilibrium moisture content relation and hence developed by trial and error the 
following equation for shelled corn from the data by Rodriguez-Arias (1956) for a given air 
state point: 
1- RH=exp {-c(T+50)Af, "} (2.101) 
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They reported that the constants that represent the experimental results the best are : 
c=3.8195 x 10's, and n=2.0. They found that the second order equation which involves 
time and natural logarithm of moisture ratio adequately represented drying characteristics 
of shelled corn. 
Bunn et al, (1972) also proposed another empirical equation, simple in form, to describe 
the dynamic process of drying a variety of materials with high initial moisture content 
(100% d. b and above). The equation is of the form: 
TV _At+ 
BC 
t+AB 
(2.102) 
By applying the initial and boundary conditions (when t=0, W= Wo and when t= co, W 
= WW) and defining the time, t, when the weight ratio is equal to one-half as, tiR, the weight 
ratio in terms of half-life, equation (2.102) then becomes: 
W-we 
__ 
tirz 
W, -we t+tl/2 
(2.103) 
Equation (2.103), according to Bunn et al, was developed through many theoretical and 
empirical trials with weight-loss data from stalk-cut burley tobacco curing studies. They 
reported that the following form of the equation, in fact a re-arrangement, describes the 
weight-time relationship down to about 5% moisture content (dry basis). 
rv=rvý+(rV-rv) 7`112 +t12 
(2.104) 
They also indicated that their different sets of data were fitted to the Page's equation, as a 
way of comparison, and found that Bunn's equation fitted better than the Page's equation. 
No claims were made for the universality of equation (2.104) nor for its theoretical basis 
relative to the physical processes of drying. The relation between the parameter "trn" and 
the drying conditions were, however, not provided. 
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Islam and Jindal (1981) developed a simulation model for predicting the drying in a deep 
bed of paddy consisting of thin layers of paddy in trays stacked upon each other. They 
used the second-order differential thin layer drying equation developed by Thompson et al, 
(1968) to calculate moisture changes in the layers. Their deep-bed simulation model was 
developed following the basic approach by Thompson et al (1968). The experimental 
results from the multi-layer drying tests were compared with the simulated results based on 
the model. They reported that predicted drying rates were higher than the experimental 
drying rates. They observed significant differences between the experimentally obtained 
and the predicted air temperatures in between the layers of the deep bed. 
Glenn (1978) developed a semi-empirical approach to thin-layer modelling, by describing 
the kernel as made up of two distinct lumps, of the form: 
M- Me 
M, -m,, 
A, exp(-k, t) + A, exp(-k, t) (2.105) 
A thin-layer drying model of the form of Equation (2.105) was used by Keener et al (1978) 
to fit experimental grain drying data. They found that the double exponential thin layer 
drying relation provided prediction of the drying process over a wide range of conditions. 
Sharaf-Eldeen et al, (1979a) applied the general solution to the diffusion equation and 
developed a two term exponential thin layer drying equation of the form: 
M-M, 
=A exp (-kt) + (1 - A) exp (-Bkt) M. - M. 
(2.106) 
They assumed a constant diffusivity and observed that the two-term exponential model 
adequately describes the behaviour of fully exposed shelled corn, rough rice and soybeans. 
They also observed that Page equation gives a better description compared to the basic 
logarithmic model proposed by Lewis. Sharaf-Eldeen et al (1979b) found that a two-term 
exponential model adequately describes the drying behaviour of ear corn and shelled corn 
over the entire drying period. They indicated that the simple logarithmic model and its 
modified form fail to describe the drying behaviour for these products throughout the entire 
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drying period. They further observed that the predicted moisture ratios using Page's model 
were higher during the middle stages and lower during the early stages of drying compared 
to the observed moisture ratios. 
Verma et al (1985) carried out an extensive experimental study in a vertical airflow dryer 
to evaluate the effects of the temperature, velocity and relative humidity of the drying air 
on the drying constants of steamed and unsteamed rough rice. Thirty-seven tests were 
conducted with unsteamed rice and thirty-five with steamed treated rice. Relative humidity 
varied from 3 to 60%, velocity from 0.025 to 0.50 m3/s. m2 and temperature from 35 to 
950 C for unsteamed rice. In the case of steamed rice, the relative humidity varied from 10 
to 58%, velocity from 0.05 to 0.50 m3/s. m2 and temperature from 30 to 750 C. They 
developed a two term exponential drying equation (an approximated form of the infinite 
series solution of the diffusion equation for a plane sheet) that describes the single layer 
drying of steamed and unsteamed rice of the form: 
as- as, =A exp (-kt) +F exp (-gt) (2.107) 
in which the drying the drying constant was expressed by an Arrhehius-type relation. 
A number of researchers (Hustrulid and Flikke, 1959; Newman, 1931; Sharaf-Eldeen et al 
1979b) have also pointed out that the second and subsequent terms of the series solution of 
the diffusion equation are negligible after extended drying. 
Syarief et al (1984) also fitted the simple exponential, the Page's, the Thompson's and the 
double exponential thin-layer drying equations to the experimental data from the drying of 
sunflower seeds in thin layers. They found that the Page equation described moisture 
content reduction data somewhat better than the simple exponential equation. They 
reported that the double exponential equation gave the best fit to the drying data over the 
whole drying period. They indicated that the Thompson's model was incapable of 
describing the drying data in the first two hours of the drying period. Syarief et al (1984) 
concluded that a generalised thin-layer drying equation based on Page's equation with each 
of the empirical constants, k and n, expressed as a function of the drying air temperature 
provided the best prediction of the thin-layer drying rates of sunflower seeds. 
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Nellist (1976) fitted four alternative equations to the experimental data for ryeseeds. These 
equations were the single exponential equation, diffusion equation for a sphere, the 
equation of diffusion through an infinite plate and a two term exponential equation. The 
two term exponential equation gave the best fit but acceptable results were given by the 
series equation of diffusion through an infinite plane. 
Wang and Singh (1978) applied the single exponential equation, the diffusion equation for 
a sphere, the Page equation and the Thompson's quadratic equation for single layer drying 
of rough rice. They observed that the diffusion model gave the worst fit and Thompson's 
equation was found to be the best. 
Chhinnan (1984) designed and fabricated an experimental dryer for thin layer drying 
studies of pecans. Thin layer drying data was obtained for in-shell pecans for varying 
drying conditions. Four mathematical models were evaluated to fit the drying data, 
namely: the simple exponential model, the diffusion model, one term approximation of the 
infinite series solution of the diffusion model and the Page equation. The Page equation 
was found to be most suitable in describing drying characteristics of single layer of in-shell 
pecans and was recommended for bulk modelling studies. The exponent of the time, n was 
found to be a constant and equal to 0.6996. The basic exponential model was found to give 
the worst fit and diffusion model was found to give a better fit than the approximated 
diffusion model. 
It must be emphasised that the unsatisfactory fit of the diffusion equation to most drying 
data is a result of inadequate information of the appropriate expressions for evaluating the 
diffusion coefficient for most agricultural crops. Many researchers as a result of this 
problem have solved the diffusion equation, assuming a constant diffusion coefficient. 
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2.7.2 Analysis of deep-bed drying. 
The conditions of agricultural crops and of air change with position and time during deep 
bed drying processes (Boyce, 1965 and Thompson et al, 1968). Mathematical models have 
been used for studying low and high temperature deep-bed drying processes in the past. In 
these models, the drying phenomenon is analysed by calculating the drying of a thin layer 
of crop and then combining many thin layers to form the deep bed. The continuous drying 
process can be simulated by consecutively calculating the air and moisture changes that 
occur during short increments of time as the drying air passes from one layer to the next. 
Thus each layer is dried for a short time interval using exhaust air from the preceding layer. 
The process is repeated with consecutive short increments of time until a desired final 
moisture content of the crop bed is achieved. 
The drying process is modelled using a set of mathematical formulations by considering 
energy and mass balances on a thin layer of crop located at an arbitrary position. These set 
of equations are complimented with equations describing the thin-layer drying and 
equilibrium property data of the products. A more detailed review of some of these efforts 
are available in the literature Brooker et al, (1974), Bakker-Arkema et a! (1978), Sharp 
(1982), Parry (1985) and Cenkowski et al, (1993). 
The models for simulation of deep bed drying are classified as (Cenkowski et al, 1993): 
non- equilibrium, equilibrium, or logarithmic type. The non-equilibrium and logarithmic 
models are applied in all crop drying theories. The equilibrium models are applied in the 
stationary bed theory only. 
2.7.2.1 Non-equilibrium models. 
The non-equilibrium drying models assume that there is no heat nor mass equilibrium 
between the drying air and the crop throughout the deep-bed. Based on this assumption a 
system of partial differential equations (PDE) is derived from the laws of heat and mass 
transfer, the mathematical theory of drying of single solid bodies, and the general crop 
drying theory to represent the crop drying model. The validity of such models is based on 
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the premise that the temperature difference between the drying air and the product being 
dried is high enough. The word `high' is very relative but researchers have assumed for 
simplicity that the temperature of the air should be higher than the ambient temperature by 
about 5° C. It must be noted that one PDE crop drying model may generate many algebraic 
operational crop drying models depending on the method of solution and simplifying 
assumptions. 
Four of the many non-equilibrium models applicable to situations in which the wet product 
is dried in a stationary bed are referenced in this section. 
The non-equilibrium model derived by Bakker-Arkema et al, (1967) and also presented by 
Brooker et al, (1974) is based on a control volume isolated from a stationary crop bed (see 
fig. 2.3). 
S=y. x 
H, T1 , v,, p,, c1 
Figure 2.3: Control volume of a stationary bed of crop (Bakker-Arkema et al, 1967). 
Their model is developed based on the following assumptions: 
(i) volume shrinkage of a crop bed is negligible during drying, 
(ii) temperature gradients within the individual kernels of grain are negligible, 
(iii) conduction heat and mass transfer between crop particles is negligible, 
(iv) airflow and grain flow are plug-type, 
(v) changes in temperature and humidity over time are negligible when compared to 
air temperature and humidity changes over a thickness dz of the deep-bed in the 
direction of airflow, 
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(vi) bin walls are adiabatic with negligible heat capacity, 
(vii) heat capacities of moist air and grain are constant over short periods, and 
(viii) accurate thin-layer equation and moisture content equilibrium isotherms are known. 
In practice a drying process is a non-stationary process, therefore, moisture content and 
temperature depend on position, z, and drying time, t, i. e. M= M(z, t) and 0= 6(z, t) . 
According to assumption (ii), the temperature of the crop particle becomes the average 
temperature. For a quasi-steady solution, moisture content can be calculated or expressed 
as the average distribution of moisture within the crop bed. 
When modelling the crop drying process in deep bed, the following unknowns are 
identified: 
1. M=M(z, t), the average moisture content of the crop bed, 
2.9 =& (z, t), the average temperature of a product particle, 
3. H= H(z, t), the humidity of drying air in the bed, and 
4. T= 71z, t), the temperature of drying air in the bed. 
Therefore, the model of crop drying process in a stationary bed must comprise of four 
differential equations which are: mass and energy balances of the crop and drying air and a 
drying rate equation of a thin-layer of the product. Bakker-Arkema et al (1967) and 
Brooker et al, (1974) presented the following set of differential equations for describing 
drying of grain in a stationary bed: 
öH P . OM 
öz G. dt 
dT -h a 
dz G. c, +G, c, H 
(T' - 7) 
10 ha(T, -T) +h, 
+c,, (T, -T) G 
öH 
öt pc+pcAf pc+pc Af äz 
dm 
at -an appropriate thin layer equation. 
(2.108) 
(2.109) 
(2.110) 
(2.111) 
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where: G. = v, p, is the air mass flow rate per unit area (air mass-flux). 
Spencer (1969) presented a PDE grain drying model for a stationary deep-bed, but derived 
it based on premises different from the above model. He used the following assumptions 
in deriving his model: 
(i) thermal properties of dry grain, moisture, and air are constant, 
(ii) conduction heat transfer within the deep-bed is negligible, 
(iii) the effect of condensation within the deep-bed is negligible, and 
(iv) the problem is one dimensional. 
The model also consists of four partial differential equations, and is based on an elemental 
volume of unit area and depth, dz. 
v 
aP. 
+r 
aP. 
=P(1-E)aM ' az ar ar 
(G, az' 
+sp, 
ýl'1 
h(T-T 
h(T' -T)+h, (1-s)p 
aA1 
. 00 
ät (c+cM)(1-s)p 
dM 
___ 
ät = 
(2.112) 
(2.113) 
(2.114) 
(2.115) 
Sharp (1982) reviewed low temperature grain drying models for stationary beds. He 
presented a model based on an elemental bed of unit cross-sectional area with respect to 
airflow. By conducting the energy and mass balances, similar to Bakker-Arkema et al, 
(1967), he presented the following set of partial differential equations for describing drying 
of grain in a stationary bed: 
G 
OH OM aH (2.116) 
49Z 
P at --CP' ät 
G. (c. +c, H)aT, =pc, (T_T)aM_h(T. _T)_ p. e(c. +c, H)aT (2.117) az at at 
P(c+c. Af) öt 
h(T -T) + hp 
aM (2.118) 
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aM =-K(M - M) ar --. - - ---t, (2.119) 
Sharp suggested that the terms containing 
äT, 
and 
OH 
in the above set of equations 
at öt 
can be neglected, in which case the resulting set of equations will be very similar to the 
model of Bakker-Arkema et al, (1967). 
A general mathematical model for grain drying for four basic grain drying systems: 
stationary deep-bed, cross-flow, concurrent-flow and counter-flow was presented by Laws 
and Parry (1983). They proposed a general PDE model by considering moist air and moist 
grain as a binary mixture. By assuming one-dimensional mass flow rates and constant 
densities for air and grain; and by neglecting conductive and radiative heating effects they 
obtained a generalised equation for a stationary bed of the form: 
ö{u}+[A]d{u}_ {b} 
Ot Oz 
(2.120) 
2.7.2.2 Equilibrium models 
The non-equilibrium models describe crop drying processes when high temperature air (up 
to 60°C) is used for drying. Such models are also applied to modelling grain drying using 
low temperatures (up to 5° C above the ambient air) and low airflow rates in a stationary 
bed. Under equilibrium conditions, the simplifying assumptions reduce the four equations 
in the partial differential equation model to two equations based on balances of moisture 
content in the grain and air humidity. For heat and mass equilibrium between the moist air 
and the grain throughout the stationary deep-bed, it is assumed that there is no resistance to 
heat and mass transfer within this bed. It is also assumed under equilibrium analysis that 
the air temperature is equal to the grain temperature. In equilibrium model analysis it is 
further assumed that under mass equilibrium M is equal to Me (Cenkowski et al, 1993). 
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Thompson et al, (1968) developed an equilibrium grain model based on the empirical 
formula of the type 
I= AInAfR + B(InAiR)2 (2.121) 
where MR is the moisture content ratio. 
This drying model was modified by Bloome and Shove (1971) and again by Thompson 
(1972). Further development of this model and its validation was done by Morey et al, 
(1979), who found it suitable for predicting the moisture changes in a solar grain drying 
system. Ibrahim and Hansen (1984) used this model to simulate the solar drying of grain 
in an indirect crop dryer (i. e. a solar dryer in which the necessary amount of heät to 
evaporate the moisture from the surface of product is supplied by only the drying air). The 
fast speed of computation in using equilibrium models have been the main reason for the 
choice of such models for simulating drying processes. 
2.7.2.3 Logarithmic models. 
The logarithmic drying models are based on direct relationship between the rate of drying 
of a layer of grain in a deep bed, OM/öt, and the temperature gradient OT. /Oz across 
this layer. This relationship can be derived from partial differential equations describing 
grain drying in a deep-bed presented by Sharp (1982). According to Cenkowski et al, 
(1993), these models have a low prediction accuracy yet most researchers still use them 
because of their simplicity. 
The first logarithmic model for modelling grain drying was developed by Hukill (1954). 
Other such models were later developed and applied by many researchers (e. g. Barre et al, 
1971, Barre and Hamdy 1974, Sabbah et at, 1979) mostly to low temperature drying in a 
stationary deep beds. 
Assuming a unique relationship between the rate of moisture content change with time in 
deep bed drying, and the temperature change of air with respect to position, Hukill (1954) 
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developed an equation and a series of a dimensionless curves to predict the moisture 
content at any depth in a grain mass after a specified drying time as: 
MR M-M' =2D (2.122) =M, 
- Afe 2D+2r-1 
D= dimensionless depth factor 
Y= dimensionless time. 
One depth factor is defined as the depth of crop that contains, DM' of dry matter content 
given by 
DM' = 
G'C. (T. - Ts)ly: 
vhh (My - Af, ) 
(2.123) 
where G' is the volumetric flow rate (m3/s), and tU2 is the time for crop with a depth 
factor of zero to dry from a moisture ratio of 1.0 to a moisture ratio of 0.50. The depth 
factor of zero represents the drying of crop in a very thin layer. Also T. and T. represent 
the air temperature at inlet and outlet respectively. The dimensionless time, Y, is defined as 
Y=t /tut (2.124) 
where t is the drying time. 
Equation (2.122) is referred to as the logarithmic model. Barre et al (1971) applied the 
modified form of Hukill's logarithmic model to cross-flow, low-temperature deep bed 
grain (ear com) drying, and subsequently Barre and Hamdy (1974) employed the model to 
determine the optimal filling rates for in-storage drying of grain. Barre et al (1971) 
obtained quite good agreement between observed and predicted mean moisture contents for 
ear corn. Sabbah et al (1979) used a logarithmic model to simulate, forced-convection 
solar grain drying performance. 
It may be concluded from the above that the equilibrium and logarithmic models are 
nothing but simplified variants of the partial differential equation models. It will therefore 
not be contentious if drying models are based non-equilibrium models. 
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2.8 Solar drying: an overview 
A solar dryer is a device which uses solar energy as the heat source for the drying of 
food/agricultural products. The air flow through these dryers can be by means of either 
forced or natural convection. The heating of the material being dried could involve the 
passage of air pre-heated in a solar air-heater through the product, the exposure of product 
to the incident solar radiation directly or a combination of both. The material being dried 
is placed on a fixed (stationary) bed and is dried in batches. The total energy absorbed by 
the product over the drying period supplies the energy necessary for vaporisation of water 
from the product. 
2.8.1 Classification of solar dryers 
Solar dryers are classified according to the following criteria (Brenndorfer et al, 1987): 
i) whether or not the drying product is exposed to radiation, 
ii) the mode of air flow through the dryer, and 
iii) the temperature of air entering the drying chamber. 
These criteria are discussed in the next subsections. 
2.8.1.1 Classification based on exposure of crop to direct solar radiation. 
Based upon this criteria solar dryers can be termed either direct, indirect or mixed-mode 
dryers. 
Direct type dryers refer to those systems in which the material to be dried is placed in 
shallow layers in an enclosure with a transparent cover or side panels. In these systems, 
part of the solar radiation may penetrate the material being dried and be absorbed within 
the product itself- generating heat in the interior of the product as well as its surface- thus 
enhancing thermal transfer. This heat causes evaporation of the moisture from the product. 
In addition, it allows the air inside the drying cabinet to expand, resulting in the removal of 
moisture by the movement of air. The solar absorptance of a product is an important factor 
in direct solar drying (radiation drying). Fortunately, most agricultural crops have 
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relatively high absorptance of between 0.67 and 0.90 ( Arinze et al, 1979). The thermal 
conductivity of the crop is also important, particularly if the drying layer is deep enough to 
require heat conduction from particle to particle (Lö f, 1962). The examples of the direct 
type solar dryers are cabinet type dryer (fig. 2.4) and the tent dryer (fig. 2.5). Direct type 
dryers are usually employed for the drying of high moisture materials. 
Figure 2.4: Natural convection solar energy cabinet-type dryer 
Figure 2.5: Natural convection solar energy tent-type dryer 
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In indirect-type solar dryers, the product is not exposed to the incident solar radiation. 
First, air is heated in a solar air-heater, and then channelled to the drying chamber (see fig. 
2.6). The walls of the drying chamber are constructed of opaque material. Air flow is 
either by means of forced or natural convection. In these dryers, considerable manipulation 
of the material feed is necessary because the temperature of the air coming from the solar 
air-heater varies with time. Product re-orientation or stirring is necessary if uniform drying 
is to be achieved since the bottom layer will dry faster than the top layer. 
Incident solar radiation 
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Figure 2.6: Natural convection solar energy indirect-type dryer 
A mixed-mode dryer, as shown in fig. 1.1, combines the features of the direct-type and the 
indirect-type solar dryers: heat transfer to the crop is by means of a combination of the 
passage of solar pre-heated air in a solar-heater and by direct exposure to the incident solar 
radiation, hence the rate of drying could be greater than in both the direct and indirect 
dryers. In these dryers, since both the top and bottom layers of the material bed dry at 
almost equal rates very minimal amount of stirring of the drying material is required. 
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2.8.1.2 Classification based on the mode of air flow. 
There are two possible modes of air flow, natural convection or forced convection. The 
former is reliant upon thermally induced density gradients for the flow of air through the 
dryer whereas for forced convection dryers the air flow is dependent upon pressure 
differentials generated by a fan. The latter is capable of providing a much greater air flow 
and therefore suitable for dryers with large throughputs. Another advantage of forced 
convection dryers is that air flow is independent of ambient climatic conditions and is 
easily and accurately controllable for most applications. 
However, forced convection dryers possess one basic shortcoming; they require a source of 
motive power for the operation of the fan except in those rare cases where wind power or 
photo-voltaic power generation is a feasible proposition. In many African countries, 
including Ghana, such sources of power are unreliable and expensive. Additionally, the 
running cost of forced convection dryers and the difficulties in obtaining spare parts are 
other potential disadvantages to the application of forced convection solar dryers in rural 
areas. 
2.8.1.3 Classification based on temperature of air entering the drying chamber. 
The air entering the drying chamber of a solar dryer can either be at the ambient 
temperature or at some higher or elevated temperature; the elevation in temperature of the 
air being achieved by its passage through a solar collector (solar air-heater) prior to the 
drying chamber. Dryers that employ a separate solar collector and drying chamber have 
inherent tendency towards greater efficiency (Brenndorfer et al, 1987) as both units can be 
optimised for greater efficiency of their respective functions. 
2.8.2 Hybrid dryers. 
This term is used to denote those dryers in which energy from conventional sources is used 
in conjunction with solar energy for drying purposes. Such a system can be used in two 
ways. Firstly, solar heating can be the principal source of energy with additional heat, 
supplied by electricity, solid fuel etc. being used to maintain continuous drying. Secondly, 
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conventional energy sources could be used as the main means of heating the drying air and 
solar energy is used as a supplement heat source to reduce fuel costs. But in each of these 
applications a blower is required to supply air through the crop bed. The latter system has 
been extensively researched, in the drying of grains in the USA (Fraser and Muir, 1980; 
Pierce and Thompson, 1979; Morey et al, 1979; Petersen, 1973; Foster and Peart, 1976) 
and other places (Roa and Macedo, 1976; Trim et al, 1984). Such systems, like the forced 
convection solar dryers, cannot be easily adopted in the rural farming communities. 
2.8.3 Natural convection (passive) solar-dryers. 
In a passive solar dryer, solar energy is the main source of heat energy used in drying. Air 
is circulated through the crop mass by buoyancy forces or as a result of wind pressure, 
acting either singly or in combination. Three types of passive dryers have evolved, each 
maintaining the advantages and improving the effectiveness of traditional sun-drying 
methods. These are the direct, indirect and mixed-mode dryers. Zaman and Bala (1989) 
identified the mixed mode dryer as potentially most effective of these three types of natural 
convection solar dryers. 
The basic components of natural convection solar dryers are: the air heating chamber, the 
drying chamber, and the chimney. In a direct mode dryer these components are integrated 
into a single unit but in the indirect and mixed mode dryers the components are separated. 
A discussion of the design considerations and constructional guides of the main 
components are given below. 
2.8.3.1 Solar chimney: design considerations and construction 
Natural ventilation relies on the presence of openings or chimneys in a ventilated structure. 
Changes in pressure over the surface of a structure, due to the effect of the structure and 
surrounding buildings on the local air flow patterns, leads to both driving and suction 
effects, while the temperature difference between the inside and outside of the structure 
leads to density variations and the stack cf ect. In practice both pressure- and temperature- 
driven natural ventilation infiltration air flows exist together (Douglas et al, 1995). 
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Proper design of chimneys, which enhance the buoyant flow is critical to the performance 
and overall design of natural convection solar crop dryers. In a solar chimney, forces 
which produce flow balance those that impede it. The buoyancy head required to operate 
the flow through the chimney is proportional to the difference between the mean air density 
within the chimney and the ambient air density, usually represented (Brenndorfer et al, 
1987) as: - 
APb =BHj (p. -p, b) (2.125) 
The densities are related to temperature as well as to the absolute humidity (H) according 
to Sodha et al, (1987) as: 
P_ -P' (1+T/273) 
(1+Hý (2.126) 
Equation 2.125 suggests that if the air inside the chimney has the same temperature and 
humidity conditions and thus the same density as the ambient air, there would be no now 
through the chimney. If, however, the mean air temperature inside the chimney is lower 
than the ambient air temperature, then there is no pressure head which encourages upward 
air flow. Thus, the main emphasis on chimney design is to minimise the rate at which the 
chimney air temperature cools to the ambient. The incorporation of a solar chimney may 
not necessarily improve the performance of a solar dryer as was observed in a study by 
Bassey (1994). Bassey suggested two ways of improving the performance of solar dryers: 
heating the air in a chimney attached to the dryer (using waste fuel), and reducing the air 
gap between an absorber placed inside the chimney and the outer transparent cover of the 
chimney. Daniels (1972) indicated that the use of thermal chimneys to improve the 
performance of solar dryers is possible, but they must be high enough to obtain sufficient 
difference in air pressure and large in cross section to prevent an undue resistance to the 
flow of air. 
Othieno (1987) suggested that the rate of heat loss within the chimney should be 
considered in determining the optimum height of the chimney so as not to exceed the 
height at which the chimney air cools to the ambient temperature. Generally, the 
Chapter 2 Literature review 
80 
temperature of the air leaving the crop mass is moist and its temperature could be close to 
that of the ambient air. 
According to Ekechukwu (1987), the contribution of the buoyancy forces in natural 
circulation of air would be negligible, unless the air is heated subsequently above the 
stacked crop within the chimney. Oothuizen (1986) suggests that the incorporation of a 
chimney above the crop stack in natural convection circulation dryers will thus have little 
effect on the dryer performance unless the solar heating of the air within the chimney is 
significant. It was noted that since chimneys are usually vertical, heating of the solar 
chimney will usually be negligible except for dryers located far from the equator. As a 
result Oothuizen, assumed that the buoyancy forces occur effectively only in the collector 
and the drying chamber , if the chamber is transparent. This suggests that well designed 
transparent drying chambers can contribute to the buoyancy effects in natural convection 
solar dryers. It is also worth mentioning that for dryers located near the equator vertical 
chimneys receive diffuse radiation and for tropical locations the received diffuse 
components of solar radiation are fairly high. For such conditions chimneys can be 
efficiently designed such that the mean chimney air temperature remain well above that of 
the ambient air. 
Ekechukwu and Norton (1997) contend that a recommended simple chimney should have 
black painted metal or wooden structure or a black painted material (to absorb radiation) 
within an external glazing. A chimney of similar in construction to that suggested by 
Ekechukwu and Norton was used by Puiggali et al., (1985). Following from the 
recommendation of Ekechukwu and Norton (1997), it is reasonable to conclude that a 
transparent drying chamber will naturally aid the circulation of air for natural convection 
solar dryers. 
Results from tests on the mixed-mode solar crop-dryer designed by Zambrano and 
Alvarado (1984) showed that the flow within a solar chimney can also be improved by 
slight geometrical modification (keeping the height constant). They showed that for a 
cylinder of a given height, using a chimney with the shape of an inverted truncated cone 
instead of a cylinder will increase the air velocity by a factor of 2-3. 
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For natural ventilation, Bruce (1978) suggests that, as a rule of thumb, the area of the inlet 
vent for fresh air entry should be twice the outlet for exhaust air. 
2.8.3.2 Solar air beaters 
A solar air-heater is simply a device to heat air by utilising solar energy. They are 
employed in many applications requiring low to moderate temperatures (below 600 C), 
such as crop drying and space heating. Various forms of solar air-heaters have been 
described in the literature and many studies, theoretical and experimental, have been 
carried out on their performance. The first extensive theoretical studies of some 
configuration of air heaters were conducted by Close (1963) and Whillier (1964). Selcuk 
(1977) critically reviewed the literature on solar air-heaters. It can be stated that the 
differences between the various forms of solar air-heaters arise from the differing 
constructions of the absorber, and in the path that the air takes when passing through the 
air-heater relative to the absorber (see fig. 2.7). 
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Figure 2.7: Schematic illustration of covered-type solar air-heaters: (a) Front pass, 
(b) Back pass, (c) Parallel pass, (d) Double pass, and (e) Parallel pass with porous absorber 
plate. 
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All designs of solar air heaters, so far, can be classified into two categories. The first type 
has a non-porous absorber (with or without an absorber cover), as in figs. 2.7(a)-(d) above, 
in which the air stream may flow above and/or behind the absorber plate. The second type 
has a porous absorber, as in fig. 2.7(e), in which air flows through the absorber. For 
applications which require temperature elevations of less than 400 C above ambient (as in 
crop drying), single-glazed solar air-heaters are adequate (Norton, 1992). Figure 2.7 
illustrates the five principal types of the single-glazed covered-type solar air-heaters that 
can be incorporated into solar crop-dryers and these are: 
a. the single-pass, front duct air-heater (SPFDAH); in which the air circulates between the 
absorber plate and the glazing, 
b. the single-pass, rear duct air-heater (SPRDAH); in which the air stream is passed along 
the back of the absorber and in a gap formed between the absorber plate and the bottom 
plate, and there is stagnant air gap between the absorber plate and the glazing, 
c. the single-pass, double-duct air-heater (SPDDSAH); in which air passes, in the same 
direction, through two channels formed between the glazing and the absorber plate and 
between the absorber plate and the bottom plate, 
d. the double-pass, air-heater (DPAH); in which air flows in opposite directions through 
the two channels formed by the glazing, the absorber and the bottom plate, and 
e. the poroustinfiltrating air-heater (PAH); in which the air stream passes through available 
air spaces in the absorber. 
The main disadvantage of a non-porous solar air heater is the low heat transfer between air 
and the absorber plate. The heat transfer can be increased by roughening the surface of the 
absorber at the rear, by adding fins or by increasing the energy collection area for a given 
air-heater configuration. Such arrangements ensure that the same input energy is 
distributed over a larger area resulting in a lower absorber plate temperature. 
It has been observed (Mohamad, 1997; Wijeysundera et al, 1982) that the double-pass, 
solar air-heaters perform better than the conventional single pass systems, since heat losses 
are minimised in the double-pass air-heaters. However, their application in natural 
convection flow is limited since air needs to be forced through the two flow channels for 
efficient utilisation of the system. In addition for applications which require temperature 
elevations of less than 400 C above ambient (as in crop drying), single-glazed covered solar 
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air-heaters are adequate (Norton, 1992). Studies (Macedo and Altemani, 1978; Ong, 1982; 
Close, 1963) on the three types of single-pass, solar air-heaters employing a solid absorber 
have shown that the performance of the SPDDSAH is better than the SPFDSAH or the 
SPRDSAH. 
Several studies have been conducted on SPDDSAH but issues regarding the best 
geometrical proportions are not conclusive. Following successive studies on solar air 
heaters at the University of Malaysia, it was reported that the determination of the optimum 
collector length will greatly aid in the design of future air heaters (Ong, 1982). For a 
SPDDSAH in which the flow is by forced convection, Pawar et al, (1994) recommend that 
for higher efficiencies the collector length should be in the order of 1.5 to 2.5 in . This 
recommendation is based on a fixed collector width of I m, suggesting that air-heaters 
having length to width ratios in the range 1.5 to 2.5 are ideal. However, for an SPDDSAH 
in which the flow is by natural convection, recommendations for optimal designs for 
specific applications are lacking. It is necessary to develop a mathematical model and 
perform detailed investigation using the model in order to determine the optimal design 
configuration of the system. 
Mathematical models developed for predicting the useful energy gained by a flat-plate 
solar collector operating under steady-state or quasi-steady conditions are generally based 
on the equation: 
9. ), I-Uz (Tt'Ta)] (2.127) 
where F' and uL are the collector efficiency factor and the collector heat-loss coefficient 
respectively, Ff is the local time-averaged fluid temperature and (a- ), is the effective 
transmittance-absorptance product. Equation 2.127 is based on the assumption that the 
thermal capacitance of the air-heater is negligible. Three parameters [F, (sa ), and UL ] 
in equation (2.127) are needed to describe the thermal performance of a collector. 
Therefore, optimisation of the thermal performance must be exercised through changes in 
these three parameters. An examination of equation (2.127) suggests possible ways of 
increasing the amount of useful energy collected for a given solar radiation input. The 
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efficiency can be increased by increasing F, and (sa )e and reducing UL . Parker (1980) 
was the first to develop expressions for F and UL for a SPDDSAH but in arriving at the 
solution he made the following simplifying assumptions regarding the mass flow rate and 
the heat transfer coefficients: 
a. the mass flow rates of air in the upper and lower channels of the heater are of the same 
magnitude, which may not necessarily be true, 
b. the heat transfer coefficients between the absorber and the air has the same value in the 
top and the bottom channels of the collector, and 
c. the heat transfer coefficients between air in the upper channel and the cover and 
between air in the lower channel and the bottom plate are equal. 
Parker also defined the mean air temperature as the average of the temperatures in the two 
channels. He further introduced a fractional deviation n: the deviation of the temperature 
of air in each of the two channels from the mean. Parker (1981) noted that the assumption 
of equal values of n for the two channels would be valid, if all the assumptions are true; 
otherwise a better estimate of n should be sought since its value significantly influence the 
value of UL. 
The difficulty in obtaining the value of n, a value that changes along the direction of flow 
of the heated air was the basis for later work, looking for simplified expressions for F and 
UL. Boindi et al (1988) argued that hypothesising the same temperatures for air in the 
upper and lower channels, leads in general to results that vary only 2 to 3% from the exact 
solution. Boindi et al, also derived expressions for F' and UL by assuming equal 
temperatures of the air in the two channels. 
The general expressions for the values of F and Uy are related to the heat transfer 
parameters which are also dependent on the characteristics and operating surface 
temperatures of the absorber plate, the transparent cover and the base plate of the system. 
In most studies aimed at predicting the thermal performance of solar air-haters, 
mathematical models based on equation (2.126) have been employed. Equation (2.126) is 
obtained by manipulating the basic set of the governing equations. To avoid the rigorous 
mathematical manipulations, some authors developed models based on the basic set of the 
Chapter 2 Literature review 
85 
governing equations. Pawar et at (1994) developed a steady-state model, based on the 
latter approach, and provided analytical expressions for predicting the temperatures of the 
air in the upper and lower channels. Their model provides no means of estimating the air 
flow rates but uses given values; and it over-predicts the collector efficiency by 10 - 15%. 
However, the method used, by Pawar and his co-workers, in grouping the parameters in 
their resulting governing equations are adequate and can increase computational speed of a 
numerical solution. 
Ong (1995a, 1995b) manipulated the governing equations and employed the matrix 
inversion technique to solve the resulting constitutive equations. In the Ong's model the 
mass flow is assumed. The model over-predicts the mean temperature of heated air near 
the inlet of the collector while that near the outlet of the collector is under-predicted. It is 
interesting to note that the models proposed by Pawar et al, and Ong are for situations in 
which the air flow through the heater is by forced convection and therefore the mass flow 
rate can easily be estimated. The mass flow rate affects the performance of a collector 
significantly and must be accounted for in the model. 
2.8.3.3 Suggested approach for optimising the performance of a solar dryer. 
For economic reasons, maximum drying rates are desired, though other factors, including 
product quality must be considered. The heat transfer and evaporation rates must be 
controlled to guarantee optimum drying rates. The control of the drying process in natural 
convection dryers offers a major problem. However, structural features that would 
guarantee that extreme conditions are not attained in the dryer could be incorporated into 
the design of natural convection solar dryers. One such approach, which regulates or 
promotes the necessary air flow of the drying air within the drying chamber for natural 
convection dryers, is the incorporation of a chimney (Ekechukwu, 1987). Also excessive 
temperatures are to be avoided when drying certain crops and therefore heated air at a 
desired temperature must be channelled to the drying chamber. These problems call for a 
proper design of the air heating device and in addition the solar chimney. 
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2.8.4 Design of solar dryers 
The design principles that have been developed for natural convection solar crop dryers can 
be classified under two main categories (Diamante and Munro, 1993): 
i. the semi-explicit method, based on the chimney effect and complemented with 
psychrometric equations, and 
ii. the implicit method, based on the chimney effect and using thin-layer equations. 
In the semi-explicit method, the dimensions of the dryer are estimated based on the 
following design factors: the quantity of the product to be dried, the estimated drying time, 
the intensity of incident solar radiation for a given location, the initial and desired final 
moisture content of the product to be dried, the drying characteristics of the product and 
climatic conditions during the drying season. 
Exell (1980) presented the design procedure based on the semi-explicit method for 
estimating the dimensions of a solar dryer in which air pre-heated in a solar collector is the 
sole source of heat for the drying process. The method is essentially a back calculation 
approach aimed at knowing the total volume of air needed for the drying and then fixing 
the grain bed depth accordingly. In this method the simple heat balance equation 
mwLt =m, C, (T -Tf) (2.128) 
was used for estimating the mass of air required for drying a given quantity of wet 
agricultural product. Exell assumed the final conditions of the drying air escaping from the 
drying bed in an arbitrary manner. The method does not present a way of cross-checking 
the validity of the guessed values of the condition of the air leaving the drying bed. It is 
necessary, first to estimate realistically the drying taking place in a grain bed due to 
convective flow of the air, and then to compute the temperature and relative humidity of 
exit air. The latter is not entrenched in the design procedure presented by Exell. However, 
some commercial scale natural convection solar crop dryers have been designed based on 
Exell's approach by other researchers (Forson et al, 1996 and Iloeje et al, 1993) and are 
reported to be performing satisfactorily. A modification of the Exell's approach might be 
an ideal design procedure. 
Chapter 2 Literature review 
87 
In the implicit method, as used by Ibrahim and Hansen (1984) and Steinfeld and Segal 
(1986), a mathematical model of the drying system for a given dryer geometry is first 
developed in which the dryer dimensions are made variables. Parametric studies are then 
conducted using the model. The theoretical results from the simulation runs can be 
presented in the form of charts, relating the various drying parameters. The design of a 
typical dryer can be effected using these charts. It is significant to note that, because a 
drying process involves complicated interactive factors, predictions from a theoretical 
model of the drying phenomenon cannot be considered absolutely reliable and 
experimental validation of the results is required. 
The traditional techniques for designing dryers rely on a combination of pilot scale tests 
and experience with existing units to generate empirical rules for sizing dryers. While 
being adequate for designing dryers along tried and tested lines, the approach is limiting 
because these empirical rules will not apply to departures from designs. A design approach 
that brings in perception the two approaches outlined above would be beneficial. 
2.9 Solar drying - mathematical and computer simulation studies 
Models for simulating solar drying of different commodities can be found in the literature 
(Taylor and Wierd, 1985; Chirarattananon et al, 1988; Patil and Ward, 1989; Zaman and 
Bala, 1989; Garg and Sharma, 1990; Bala and Ziauddin, 1990; Harvey et al, 1985; 
Steinfeld and Segal, 1986; Elsayed, 1990; Ibrahim and Hansen, 1984). In all these studies 
a uniform thin layer of drying material is assumed and described either by a simple use of 
the psychrometric properties of air, or the fully exposed drying equations for the given 
material. 
Bala and Woods (1994) contested and examined the validity of the assumption of a 
uniform, fully exposed layer drying. They presented a mathematical model based on the 
partial differential equation (PDE) model, to simulate the drying of rough rice in an 
indirect natural convection dryer. They described the temperature variation of the air along 
a single-pass, single-duct solar collector by a numerical solution. The drying of the grain 
was described by the introduction of a deep-bed solution procedure. The variation of the 
air temperature in the collector and across the drying bed were incorporated in the 
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prediction of the thermal buoyancy effect. They observed the product in the bottom layer 
of the bed to dry more rapidly while the top layers remained almost wet. They concluded 
that the assumption of a uniformly drying layer in crop drying analysis is not valid. Bala 
and Woods (1994) further examined the sensitivity of collector efficiency, dryer efficiency, 
overall drying efficiency, and moisture removal to a range of parameters. Their analysis 
showed that the overall dryer performance is most sensitive to bed depth followed by the 
collector length. Their simulation results were not verified experimentally, however, the 
appropriateness of a deep bed model was established. Although the layer may appear 
physically thin, low air flow rates give rise to a very slow moving drying front. Othieno 
(1987) reported similar experimental results during the natural convection solar drying of 
maize. 
Ratti and Mujumdar (1997) applied a mathematical model developed by Ratti and 
Mujumdar (1995) for simulating the behaviour of a batch dryer to the deep-bed drying of 
carrots cubes in an indirect type solar dryer. In their model they correlated the solar 
collector exit air temperature data of Jayaraman et al, (1992) as a function of time of the 
day with a second order polynomial of the form: 
T=-231.81 + 46.25td -1.77td2 
where td is the hour of the day which was related to the process time, t, as: 
(2.129) 
td =t+ 9S (2.130) 
They reported that the dryer was simulated with a constant average inlet air humidity and 
air velocity for lack of information in Jayaraman et al, (1992). Their predicted and 
experimental values were in good agreement but they admitted that a better agreement 
would have been found if a natural convection model for heat transfer had been used. They 
simulated the drying rate for varied air flow rates and found air flow rate as an important 
factor affecting the drying time. Application of their model to even indirect type solar 
dryers is location specific and limited in its general applicability. In reality, the 
performance of a solar dryer is location- and time- dependent and therefore any 
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comprehensive model must include sub-programmes to model the following: the collector 
(air-heater) performance, the air flow rates and incident solar radiation prevailing at a given 
locality. 
As far as the author is aware the studies of Bala and Woods (1994) and Ratti and 
Mujumdar (1997) are the only two studies reported in the literature for simulating crop 
drying in deep-beds. A selective review of recent studies in which agricultural products are 
assumed to dry uniformly in thin layers is presented below. 
Zahed and Elsayed (1989) developed steady-state, mathematical model for simulating the 
drying process in a cabinet type solar dryer. The authors neglected the mass transfer 
process during drying and developed a model based on the heat transfer processes. The 
governing equations for the solid and air temperatures were derived by considering the 
energy balances for the air and solid in a control volume of thickness dx. The resultant 
equations were then put in dimensionless forms. The finite difference technique was used 
to solve the governing equations together with boundary conditions. The results obtained 
from their computer simulation were used to develop charts to be used as design aid. The 
computed results were not compared with experimental data and hence the validity of the 
model could not be assured. The model neglected the mass transfer of moisture and 
therefore could not fully predict the drying process explicitly. 
Elsayed (1990) presented a mathematical model for predicting thin layer drying of 
agricultural products in a forced convection solar kiln. The rate of moisture transfer 
between the air and the material per unit area of the material surface was represented by an 
equation of the form: 
mý - P. I». hD (w' - 
wi ý (2.131) 
where, f. (- ) was defined as a weighing factor of value between zero and Ma - M, 
one. The value of the weighing factor (or the relative drying rate), according to Elsayed 
(1990), depends on the moisture content in the dried material and the kind of the material. 
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The other equations of the model were derived by considering the moisture balance of air 
inside the kiln and energy balances for the dried material, air in the kiln, and the glass 
cover of the drying chamber. Parametric studies were carried out with the model to 
examine the effects of the following parameters on the performance of the dryer: rate of 
absorbed solar energy in the dryer, rate of air flow through the kiln, volume of the material 
being dried; ambient air temperature, and humidity of the drying air. The results indicated 
that a combination of an increase in the air temperature and in the rate of absorbed solar 
radiation, lower air humidity, and lower initial airflow rate will increase the overall 
efficiency of the drying system. The predicted values were not compared with 
experimental data. 
Zahed and Elsayed (1994) presented a thin-layer mathematical model for a naturally 
ventilated cabinet solar kiln. The model was a modification of previous models by the 
same authors (Zahed and Elsayed, 1989; and Elsayed, 1990). Unlike the earlier models, in 
which airflow rate and absorbed solar radiation were assumed constant, their new model 
included the basic models for estimating, the air flow rate, and the rate of solar radiation 
absorbed. They carried out a parametric study which looked at the effects of. thermal 
capacity of the kiln structure, the dimension of the chimney, and the kiln geometry on the 
dryer performance. The results of the study suggest that: 
a. the effect of inertia of the kiln structure on the thermal performance of system is 
important and should not be ignored. 
b. decreasing the ratio of the cross sectional area of the chimney to the area of the drying 
bed causes an increase in the product temperature however, the value should not be less 
than 0.001. 
c. increasing the height of the hot air column beyond 10 m does not affect the performance 
of the dryer significantly. 
Garg and Sharma (1990) reported results of drying studies in a mixed-mode natural 
convection solar crop dryer. They incorporated equation (2.89) into their mathematical 
model for predicting the drying rate of green peas and cauliflower. They assumed the 
drying constant, k, to be a function of temperature and humidity of the drying air and used 
an equation developed by Syarief et al, (1984) for calculating the value of k. They 
presented graphs showing the variation of the predicted and experimentally determined 
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values of the moisture contents of green peas and cauliflower as a function of the drying 
time. In each case there was a good fit between the simulated results to the experimental 
data. 
Bala and Ziauddin (1990) presented a mathematical model for natural convection solar 
drying of rough rice. The drying rate equation of rough rice in the form of equation (2.87) 
was used for predicting the moisture changes in the grain bed. They compared the 
simulated average moisture content predicted by the model to the actual data obtained by 
Zaman (1986) and reported that the model over-predicted the average moisture contents. 
They attributed this mishap to the fact that the model did not consider the effect of solar 
radiation falling on the top of the bed. In another study on the performance of a cabinet 
type solar dryer, Zaman and Bala (1989) also reported higher drying rate at the top of the 
bed instead of the bottom. They also reported, without providing any justification, that the 
chimney height, grain depth and collector size are the most critical parameters controlling 
natural air flow through the grain bed. 
Zaman and Bala (1989) successfully used the integral of equation (2.86) in the form: 
/ýý ý 
=-kfclt 
8M-M, 
(2.132) 
for fitting curves to six sets of experimental data obtained from natural convection solar 
drying of rough rice in a mixed-mode type dryer, box-type dryer and open floor drying 
system. In the above fits they considered k firstly as fixed constant and secondly as a 
temperature-dependent constant of the form: 
k=A exp(-b/9t ) (2.133) 
They reported a better fit of equation (2.132) to the experimental data of the thin-layer 
drying (80 mm thick of grains for each drying system) of rough rice with k treated as a 
constant. A worse fitting was obtained when k was considered as an exponential function 
of the grain temperature, as indicated in equation (2.133). They reported that the change in 
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moisture content of the rough rice predicted by the equations were in good agreement with 
the observed values. The results of the study showed that the highest drying rate was 
attained in the mixed-mode dryer. 
Ayensu and Bondzie (1986) observed that the drying curves of cassava leaves (initial 
moisture content 72%, wet basis), pepper (initial moisture content 68%, wet basis), cassava 
chips (initial moisture 75%, wet basis) and fish (initial moisture content 80%, wet basis) 
consisted of two distinct parts: the constant rate portion and the falling rate portion. They 
reported that the two distinct portions of each of the drying curves could be represented by 
equation (2.89) where k is the drying constant which can be evaluated for the constant 
period (as k, ) and the falling rate period (as k2). They determined the values of k, and k2 to 
be 0.031 s" and 0.016 s" respectively. Equation 2.89 according to Ayensu and Bondzie 
can be applied to the drying of cassava chips for the constant and falling rates respectively 
in the forms: 
M. - 11iß 
= exp(-k, t, ) for the constant rate period (2.134) 
M- Me 
- _. _i 
1_ -. f.. L.. £L11_____f_ -ý_1 
Mc - Me 
= CAP k- K2 ceJ ior ine lauing raLe penou (2.135) 
where MM is equal to 55% on wet basis. The observation of Ayensu and Bondzie (1986) is 
not at variance with that of Igbeka et al, (1976) who found that in drying cassava 
(maximum initial moisture content 214% dry basis or 68% wet basis) and potato no 
constant rate period was present. The above observations reveal that above a certain 
minimum initial moisture content drying of crops can fall under two distinct drying rate 
periods- the constant- and the falling- rate periods. 
Equation (2.94) has been successfully used and validated for deep-bed solar air drying of 
rape seed by Patil and Ward, (1989). Akyurt and Selcuk (1973) tried to fit equation (2.94) 
to their solar drying data obtained from a combined dryer (solar dryer supplemented with 
auxiliary heating systems for continuous operation). However, they did not elaborate on 
the extent of the accuracy of the fit. 
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Harvey et al (1985) successfully fitted equation (2.94) to drying data obtained from the 
drying of sorrel, a high moisture crop, in a solar cabinet dryer from a moisture content of 
90% (wet basis) to about 11% in 4 days. 
Steinfeld and Segal (1986) presented a mathematical model of the physical process of an 
indirect-solar fixed-bed thin-layer drying system. The mathematical formulation was 
based on conventional heat and mass transfer equations and complemented with an 
analysis of the drying process based on the Lewis analogy and the Equilibrium Moisture 
content concept. The model is not adequate for natural convection air heaters, where air 
flow rate is not an external parameter but a consequence of thermo-syphon effect. The 
model is not suitable for deep-bed drying, where bed-depth plays an important role in the 
calculation of the pressure drop across the bed. The model, like all previous models, 
assumes that the drying process is an adiabatic process and therefore takes no account of a 
situation in which the crop is dried by a combination of the effects of direct, and indirect 
solar absorption by the product. In addition, like all drying simulation models, the design 
of the dryer is not an explicit component of the model. A comprehensive model that 
explicitly integrates the dryer design with the air-heating model, the drying model, and the 
performance model of a natural convection solar crop dryer is desirable. 
Selcuk et al (1974) presented a linearlised mathematical model for simulating the drying 
process of a forced convection mixed-mode dryer. The formulation of the drying model 
was based on quasi-steady state heat and mass transfer analysis. The computed or 
predicted results were compared with an experimental data obtained from a drying 
experiment. Equal quantities of grapes were placed on the three shelves (trays) inside the 
dying chamber. The top grapes on the top shelve were subjected to direct radiation while 
the grapes on the lower shelve were subjected to the hottest air. The results, the predicted 
and experimentally obtained values, indicated that the grapes on the top and the lower 
shelves dried faster than the grapes on the middle shelve. The model could predict the 
temperature of the crop bed, the air stream temperature and humidity ratio inside the drying 
chamber, but not the drying rate and hence not the drying time. The model consistently 
under-predicted the fruit bed temperature and over-predicted the air stream temperature and 
humidity ratio. Nevertheless, an agreement of ± 3° C for temperatures and 6.2% for the 
humidity ratio were obtained. It can be inferred from the experimental observations that: 
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a. both solar radiation and hot air are driving potentials for drying, and 
b. a drying model that assumes non uniform layer conditions can best predict the drying 
performance of natural convection dryers. 
Roa and Macedo (1976) conducted an experiment where 600 kg of "carioca" dry beans 
were dried in a stationary bin (1 m in diameter., 1.2 m tall and a bed depth of 0.8 m), using 
heated air from a single-pass double duct solar collector (10 m long and 8 m). A 
centrifugal fan drew air through the 80 m2 of simple plane collectors and forced it through 
the bin at an average air flux of 0.13 m3/s against a static pressure of 215.7 N/m2. The 
drying phenomena was analysed with a mathematical model based on the fundamental 
laws of heat and mass transfer, complemented with empirical equations describing both the 
thin layer drying and equilibrium property data for the beans. They simplified the drying 
model presented by Brooker et al, (1974). The following empirical thin layer equation was 
used: 
aM 
Öt -mg(Af-dfýýli't -Prýýtý-1 (2.136) 
where the equilibrium moisture content values if, were calculated by the following 
empirical equation 
Me = (P, 0 +P2 02 + Ps 0' + Ps ý')eXP[(4o + 4,0 + 4: 02 + q2 03XT + 273)] (2.137) 
The agreement between the predicted and experimentally determined values of the bean 
moisture content was reasonably accurate with a maximum error of 2.6%. Simulation 
results of drying with unheated air indicated that the net effect of the solar collection was to 
accelerate (in four times) the drying rates of grain located in the top of the bin. 
Chapter 2 Literature review 
95 
2.9.1 Comparative or evaluation studies on alternative propositions. 
With a view of evaluating the benefit of utilising a separate solar collector attached to a 
crop dryer, a study was undertaken in Canada. The study was carried out by Fraser and 
Muir (1980) to look at the possible savings in electrical energy that could result from 
adding a solar collector to a forced convection in-bin dryer that utilises ambient air as the 
drying medium. The drying process was simulated using the Thompson (1972) 
equilibrium model. The study revealed that the addition of solar collectors could reduce 
the electrical energy consumed by an average of 19-35% for the conditions considered. 
In another comparative study, Pierce and Thompson (1979) compared the performance of 
solar grain dryers ventilated with either air pre-heated in a solar collector or by 
conventional heating system. The drying phenomenon in the solar-supplemented drying 
was analysed using the Thompson (1972) equilibrium model to predict the drying rate. 
Morey et al, (1979) showed that supplementing a conventional dryer with heated air from a 
solar collector reduced the minimum air flow rate required for grain drying by 10 - 15% 
compared to a situation in which ambient air (unheated air) was used. The results of these 
studies suggest that the potential of the drying air in removing moisture from a product is 
enhanced with pre-heating. 
Bala (1983) successfully fitted the simple exponential, the double exponential and the Page 
thin-layer drying equations to varied sets of experimental data obtained from the thin layer 
drying of malt. The double exponential equation, it was reported, gave the best fit to some 
of the experimental runs with a standard error of estimate value of 0.30 %; whereas the 
Page and the simple exponential equations fitted all the experimental runs with a mean 
standard error of estimate values of 0.46% (d. b) and 1.22% (d. b) respectively. 
Diamante and Munro (1993) used an indirect natural convection solar dryer to study the 
drying of sweet potato slices. Sweet potato sliced to a thickness of 3 or 6 mm were spread 
evenly on a drying tray placed on the middle shelf of the drying chamber. The loading 
density was S kg/m2. The solar drying experiments were carried out during the period of 
February to April 1986 at Baybay, Leyte, Philippines. Typical climatic conditions for the 
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period reported are ambient air temperature of 28-32° C during the day and about 80% 
relative humidity. The intensity of the incident solar radiation was not reported in the 
literature. Each of equations (2.94), (2.95), (2.96) and (2.99) was fitted to the solar drying 
curves. However, they simplified the moisture ratio to M/M, instead of (M - MM)/(M0 - M, ) 
for lack of accurate AfM data for Philippines' sweet potato among other reasons. They 
reported that the simplified form of the diffusion equation could satisfactorily describe the 
solar drying process of sweet potato slices down to a moisture content of 20 % dry basis 
from initial value in the range of 160-180% dry basis with an r2 value between 0.962 and 
0.999. 
The results of comparative studies by several researchers (Keener et al, 1978; Sharaf- 
Eldeen et al, 1979; Syarief et al, 1984; Nellist, 1976; Bala (1983); and Chhinnan, 1984) 
point to the conclusion that the inclusion of a series solution of the diffusion equation with 
significant number of terms in a drying model can describe the drying behaviour of 
agricultural products over a wide range of moisture contents. For a given product, the 
number of terms required would depend on the accuracy of the diffusion coefficient and 
the length of the drying time among other possible reasons. 
2.10 Numerical solution techniques of drying models 
From previous sections of this chapter, it is obvious that in order to describe a drying 
process by a heat and mass transfer simulation code generally, a system of two to four 
tightly coupled non-linear partial differential equations must be solved. To develop a 
computer code an appropriate discretisation technique should also be adopted to transform 
the underlying partial differential equations into a system of non-linear algebraic equations. 
In general the popular techniques for achieving such transformations in computational fluid 
dynamics (CFD) include Finite Difference, Finite Volume or Finite Element Techniques 
with each method offering its own advantages and disadvantages. Regarding the numerical 
analysis of crop drying, the finite difference technique (Spencer, 1969; Brooker et al, 1974; 
Ingram, 1976; Douglas et al, 1994) and the finite element method (Misra and Young, 1978, 
1979; Sokhansanj and Gustafson, 1980; Haghighi and Segerlind, 1988; Haghighi et a! 
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1990; Sarker et al, 1994) are the most commonly used techniques. It is recommended that 
for simplified geometries and problems not involving stresses, the finite difference 
techniques are the preferred discretisation strategy since these techniques are 
straightforward to implement. 
After the discretisation phase is completed, there is the decision of whether to solve the 
resulting discrete equations as a coupled or uncoupled set (Turner and Pierre 1995). In the 
uncoupled manner each variable is resolved individually at each point on the mesh. In the 
coupling approach, the coupling exists amongst the equations at each node of the mesh. 
The resulting matrix system becomes block structured since the number of variables 
represented for each node point on the mesh must be determined as a complete set. In this 
case block iterative schemes are used to resolve the matrix system (Turner and Pierre 
1995). 
It has been found in previous research (Pierre and Turner, 1995) that only the coupled 
method offers an efficient numerical resolution strategy which provides fast and realistic 
computation times for simulating a drying process. The disadvantage of this method is that 
it requires large amounts of computer storage to deal with the solution of the non-linear 
equations set. If computer memory is limited, then the uncoupled solution strategy may be 
preferred. 
2.11 Summary and areas for research. 
Notwithstanding all the advantages of mathematical modelling, the present crop drying 
simulations models, and in particular solar dryer simulation models, lack in several aspects. 
A catalogue of the areas requiring attention and further development is presented together 
with the author's conception of the possible solutions. 
(1) Lack of a general and suitable thin-layer drying equation. None of the hitherto 
published drying rate equations characterise the drying process accurately over the full 
range of moisture contents varying from the initial moisture content, M;,, to the desired 
equilibrium moisture content, A f, Usually an arbitrary term is inserted in the thin-layer 
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drying equation so that a reasonable accuracy may be achieved when predicted values are 
compared with experimental data In most mathematical models it has been noted (Brooker 
et al, 1974) that the theoretical drying equation, based on diffusion theory, does not predict 
the drying processes accurately because of : 
(i) the improper choice of boundary conditions, and 
(ii) the incorrect assumption that diffusion coefficient is independent of moisture 
content. 
Kumar and Sodha (1986) have also observed that the assumption that the diffusion 
coefficients are independent of the material moisture content leads to erroneous results 
when the drying process occurs over a wide moisture content range. Experimental 
evidence suggest or show that the drying rate is a function of the material moisture content 
and time. Following from the above observations, since most agricultural products dry 
over a wide range of moisture contents, the dependence of the diffusion coefficient with 
moisture content must be accounted for in drying models. The thin-layer drying rate 
equation is basically a simplification of the solution to the Fick's diffusion equation and 
therefore the author proposes to use the diffusion equation over the entire drying duration 
by treating the diffusion coefficient as a variable parameter which is dependent on the 
following factors: the product moisture content, the drying air relative humidity and its 
temperature, and the shape of the drying bed. 
(2) Lack of a comprehensive mathematical model for simulating deep-bed drying of 
agricultural products in a mixed-mode natural convection dryer. It is also clear from the 
literature that the equilibrium and logarithmic models for simulating a deep-bed drying 
process are a simplification of the non-equilibrium model. The author proposes to develop 
a comprehensive integrated solar drying simulation model for a MNCSCD based on a non- 
equilibrium partial differential drying model for simulating the drying process. The 
simulation models developed for drying processes do not generally discuss the modelling 
of air-heating phenomenon and usually constant inlet air conditions are assumed. For 
natural convection solar-assisted dryers, it is essential to include theoretical modelling of 
solar air-heaters which should take into account the effect of varying meteorological 
parameters affecting the quality of the product. The proposed model will have sub- 
programmes for executing the following: 
9 estimating solar radiation available at a typical geographical location, 
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" estimating the moist air properties and the equilibrium moisture content of the 
agricultural product, 
" predicting the thermal performance of the solar air-heating system for all possible 
locations and the effect of the changes in the configuration of the air-heater on the dryer 
performance, 
" predicting the effect of the changes in design of the drying chamber configuration and 
the chimney dimension on the overall performance of the system. 
(3) Radiation and shrinkage effects are ignored in most drying process models but these 
effects must be incorporated since they affect the drying rate significantly. When a high 
moisture content material is dried shrinkage effect is very prominent and therefore its effect 
cannot be ignored. Apart from convection, radiation is the other principal mode by means 
of which a product dried in a mixed-mode natural convection solar dryer is heated. 
Radiation is effective in increasing the product temperature which aids the diffusion of the 
moisture from within the product to its surface thereby increasing the drying rate. 
Radiation and shrinkage effects are therefore to be accounted for in drying models. 
(4) As noted by Ayensu and Bondzie (1986), the constant rate period occurs over a 
relatively short interval compared to the total time drying time. In addition, in the drying 
of natural agricultural crops, the water content in the product occurs as bound water inside 
it with little free water on the surface; thus constant drying-rate will hardly occur. The 
diffusion equation can be applied by assuming varying diffusion coefficient over the whole 
drying period. 
(5) Solar drying is a non-isothermal process, and therefore the author proposes to use 
concentration gradient as the driving force for water from the drying material. 
(6) Agricultural products are dried in bulk or batches not as individual particles but instead 
in layers (thin or deep) or on tiers of trays in stationary or movable beds. The shape of the 
dryer bed must therefore be considered as the determinant in choosing either the slab, 
cylindrical or spherical shape in approximating the shape of the bulk of the material as 
required in the appropriate simplification to the diffusion equation. 
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CHAPTER THREE 
EXPERIMENTAL SET-UPS: DESCRIPTION, INSTRUMENTS, 
MEASUREMENT TECHNIQUES, AND TESTS 
3.0 Introduction. 
Experimental data needed for the development and validation of the mathematical model 
was obtained using two experimental dryers of geometrically similar construction. These 
dryers were of the mixed-mode natural convection solar crop-dryer type (MNCSCD) and 
consisted of a small-scale laboratory model and a field or commercial-scale model. The 
laboratory model has a holding capacity for 3 kg of wet agricultural produce. The author 
designed this dryer and it was constructed at De Montfort University by the technicians of 
the Department of Mechanical Engineering. The commercial-scale model, which is 
capable of handling between 1000 kg and 1500 kg of various wet agricultural products, is 
located at Agona-Asafo in the central region of Ghana. The design and constructional 
details of the commercial-scale model of the MNCSCD were reported by Forson et al, 
(1996). The general descriptions of the laboratory and commercial-scale models used are 
provided in section 3.1. The description of the instruments and the measurements' 
techniques adopted during the experiments is presented in section 3.2. A summary of the 
test series is provided in section 3.3. A more detailed description of the design principles 
including sample calculations for the determination of the various dimensions of the 
laboratory model is outlined in Appendix A. 
3.1 Description of experimental solar-dryer models 
3.1.1 Laboratory or small-scale model 
Figure 3.1 shows a pictorial view of the laboratory model of the MNCSCD and the solar 
simulator in operation. Three main components of the dryer can be identified: an air- 
heater (the primary collector), through which the drying air is heated as it flows over and 
under an absorber plate, heated in turn by direct absorption of incident radiation; a drying 
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Figure 3.1: Pictorial view of the laboratory model of the MNCSCD. 
chamber, in which the crop to be dried is placed; and a chimney, through which the moist 
air flows and escapes into the surrounding. Ten infra-red lamps, 100 W each, arranged on 
a panel supported by means of four stands, (as shown in fig. 3.1) served to simulate the 
incident solar energy required for the drying operation. 
The air-heater (also referred to as the primary collector) is of the SPDDSAH type. It 
makes use of a non-porous absorber plate, a galvanised steel sheet painted matt black and 
suspended between the top glass cover and the base plate, which divides the air duct of an 
overall depth of 75 mm into two channels (upper and lower channels). The effective area 
of the two air passages is 0.033 m2. The primary collector has an aperture measuring 
440 mm wide by 720 nun long. Air flows in the same direction on both sides of the 
absorber plate thus providing twice as much surface area for heat transfer to the air 
compared to the SPDDSAH or the SPFDSAH. The movable absorber plate of the air- 
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heater can be suspended at three possible positions, thus providing three geometrically 
similar air-heaters with the same length, width and overall depth but with varying upper 
and lower channel depths. The upper channel is covered with glass and the lower channel 
by plywood that serves as both the base plate and the bottom insulation of the air-heater. 
The top glass-cover (glazing), the absorber plate and the base plate are fixed in position in 
air-tight wooden side panels. In an attempt to simulate the performance of commercial 
model, and for maximum collection of solar energy on an all-year round basis, the primary 
collector is inclined at 6° to the horizontal, corresponding to the latitude of the test site in 
Ghana. 
The drying chamber has a trapezoidal section but with a rectangular drying surface 
measuring 440 mm x 380 mm. It houses three removable extended metal-mesh trays, 
arranged vertically in line on guides that are spaced 100 mm apart with the lower tray at a 
height of 140 mm from the base of the drying chamber. The side walls and the roof (also 
referred to as the secondary collector) are glazed extensively. The secondary collector is 
also tilted at the same inclination as the air-heater. There is a door that provide access to 
the chamber for loading, unloading, and stirring of the crop. 
The chimney, trapezoidal in section, runs along the entire breadth of the drying chamber to 
aid the natural circulation of air inside the whole assembly. The side walls of the chimney 
are glazed. The chimney is 620 mm high (above the uppermost side of the secondary 
collector), and it has an airflow area of about 0.039 m2 (440 mm in width x 88 mm in 
breadth). An exit air vent of area 0.0132 m2 (440 mm wide by 30 mrn high) runs across the 
chimney width. The crops dried in such a dryer are heated from the top by the direct 
absorption of incident radiation, transmitted through the transparent roof and the sides of 
the drying chamber, and from below by air at an elevated temperature, pre-heated in the 
air-heater. 
3.1.2 Field or commercial-scale model 
Figure 3.2 shows a pictorial view of two commercial-scale sizes of the laboratory model 
joined back to back with a common drying-chamber. During the field test, the drying 
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chamber was partitioned into two parts with a transparent polyethylene sheet, along the 
central line of the drying chamber, resulting in two geometrically similar MNCSCD's. The 
field experiments were conducted on one of such dryers with the air-heater inlet vent of the 
other dryer closed. Except for the dimensions, the constructional features of the 
commercial-scale model are similar to that of the laboratory model. 
Figure 3.2: Pictorial vie\ý of two commercial sizes of MNCSCD joined back to back. 
A brief description of the experimental dryer set-up is given below: 
The length of the air-heater, which is also of the SPDDSAH type, is 12.6 in and the width 
is 6.75 m. The overall depth of the air duct is 0.28 m but the absorber plate divides the air 
duct into two flow channels of equal depths and each with a duct of flow area of 0.85 m2. 
The air-heaters are aligned in the North-South axis to receive solar radiation throughout the 
daylight. One of the two SPDDSAH's faces the South while the other is north facing. 
Each air-heater is tilted 6° to the horizontal, corresponding to the latitude of the site for 
maximum collection of incident solar radiation on an all year-round basis. 
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The transparent drying chamber measures 6.75 m by 4.0 m. The chamber houses three 
drying racks with gangways between them. Each drying rack has two shelves arranged 
vertically in line and spaced 0.50 m apart. The middle drying rack measures 3.60 m by 
1.5 m while the two outer racks are each of dimensions 3.60 m long by 1.30 m wide. The 
first shelf is at a height of 1.25 m from the base of the drying chamber. 
The chimney, which is about 620 mm high (above the uppermost point of the drying 
chamber), is of trapezoidal cross section and has an air channel of rectangular section of 
sides 6.75 mx 350 mm. The exit air vent is located along the rear side of the chimney and 
it measures 6.75 m wide by 100 mm high. 
3.2 Instruments and measurement techniques 
The laboratory and commercial-scale dryers were fully instrumented for measurements of 
air flow, temperature, relative humidity and weight loss of the drying material. 
The instruments and the techniques used to measure the various quantifiable parameters 
during the experiments carried out on the two models described in section 3.1 are provided 
below. 
3.2.1 Instrumentation of the laboratory set-up 
Temperature measurement 
The air, absorber plate, glazing and base plate temperatures of the air-heater were measured 
at hourly intervals with commercially available Nickel- Chromium/Nickel- Aluminium 
thermocouples (type K) suitable for temperatures ranging from 0 to 2000 C. Eight 
thermocouples were bonded to the top and bottom surfaces of the glazing and the absorber 
plate at the middle and the outlet sections of the primary collector to measure their surface 
temperatures. Two more of the self-adhesive (type-K) thermocouples were also bonded to 
the inner surface of the base plate. The surface temperature of the outer surface of the base 
plate was measured at two locations with two ordinary mercury-in-glass thermometers. 
The mean air temperatures in the air-heater were measured along the centre-lines of the two 
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channels at the inlet and outlet sections with four thermocouple air probes. The mean 
absorber plate, glazing and base plate temperatures were each calculated in turn as an 
average of the measured values of top and bottom temperatures of each component at the 
two locations. The temperatures of the air inside the drying chamber was measured along 
its centre line with thermocouple probes at three locations: 140,240 and 340 mm above the 
base of the drying chamber. One probe was also located in the lower section of the drying 
chamber to measure the plenum temperature. The air temperature at the entry to, and at the 
mid-section of, the chimney were measured along the centre-line using ordinary mercury- 
in-bulb thermometers with and accuracy of ± 0.10 C and a precision of ± 0.05° C. The 
temperature and relative humidity of the air exiting the chimney were taken with a hand- 
held thermo-hygrometer (relative humidity/temperature measuring instrument). The mean 
temperature of air inside the chimney was calculated using the values taken at the two 
locations. The ambient temperature was taken with the hand-held thermo-hygrometer 
(testo 610 from RS Components UK) with an accuracy oft 0.2° C for temperatures in the 
range 0 to 70° C. These readings were taken at 0.6 m above the ground surface and just at 
the inlet to the collector. 
The output terminals from eight thermocouples, measuring the top and bottom surface 
temperatures of the absorber plate and the air temperatures in both channels at the inlet and 
outlet sections of the air-heater, were connected to a thermocouple temperature logger: 
(calibrated with accuracy oft 0.1° C and precision ± 0.02° Q. The logger, (TC-08 from 
RS components) is equipped with a software for data logging and analysis. The picolog 
data logger collects sets of measurements from the 8 channels of an analogue to digital 
converter (ADC) and stores them on a disk. The output terminals from ten other type-K 
thermocouples measuring the temperatures of the cover plate, the base plate and air inside 
the drying chamber were connected to a Comark 6600 microprocessor scanning 
thermometer. Readings from the microprocessor thermometer, with an accuracy of ± 
0.1° C, were taken every one hour. Figure 3.3 is a schematic diagram of the dryer showing 
the positions of temperature measuring sensors. 
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Air speed and relative humidity measurement. 
The ambient air speed at inlet to the primary collector was measured parallel to the plane of 
the collector aperture at two points spaced 25 cm apart and each at a height of 30 mm 
above the aperture. The air speeds of the heated air at the outlets of the air-heater were 
measured along the centre-line of the air channels. Two thermal anemometers, for 
measuring air velocities in the range 0 to 2 mis, were positioned at the inlet and outlet of 
the collector to measure the air speeds. The relative humidity of ambient air at inlet to the 
primary collector was taken manually at hourly intervals with a hand held relative 
humidity/temperature measuring instrument with an accuracy oft 2% RH for the range 2 
to 98% RH. 
Incident radiation measurement 
A pyranometer (Kipp and Zonen "Compensated Moll Thermopile", type CA 1 No. 
754379) connected to a micro-galvanometer (type AL 4) readout was employed to measure 
the global radiation. The accuracy of the microva-galvanometer was ± I% of the full-scale 
deflection. The intensity of energy incident on the plane of the primary and secondary 
collectors was measured at several points (56 locations) over the collector aperture. These 
readings (in mV) were averaged out to give the mean incident radiation on the collector 
surface. The mean incident radiation, in W/m2, on the collector surface was computed 
from the manufacturer's formula in the form: 
j7 _ 
(44.6+r. 
"r - 
v, 
rn St 
(3.1) 
where rn is the internal resistance of the microva-galvanometer in ohms, V,, is the scale 
voltage reading in milli-volts, and Sf is the thermopile sensitivity factor corresponding to 
the aperture of the instrument. 
Measurement of crop weight loss 
A weighing system was devised and designed to continuously monitor the weight loss of 
the samples without removing them from the drying chamber. It consisted of bonding four 
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120 ohms bonded resistance strain gauges with a gauge factor of 2.11 and connecting them 
in a Full-Wheatstone bridge circuit arrangement on a cantilever to increase its sensitivity. 
The cantilever was fixed to a rigid connecting member close to the roof of the drying 
chamber. The two strain gauges bonded to the top surface of the cantilever bar measured 
the tensile strains while the bottom two measured the compressive strains. The output 
terminals of the strain gauges were connected to a, Tinsley Telcon Ltd., microstrain digital 
indicator Type 5792 capable of reading a maximum of 1999 microstrains with a resolution 
of 1 microstrain. The instrument has an accuracy of ± (1% of reading +5 µstrain) for 
gauge factors ranging from 1.95 to 2.15. The microstrain indicator has a balance control 
for setting the appropriate gauge factor and zero balance at the start of each experiment. 
An extended metallic-screen tray containing the material being dried is hanged in the 
drying chamber on a hanger connected to the cantilever bar. The total deflection of the 
cantilever and hence the strain corresponding to the weight of the material is indicated on 
the digital display indicator in microstrains. The system was calibrated by adding standard 
weights to the tray with air flowing through the drying chamber to take into account the 
buoyancy effect. A calibration curve was obtained relating the microstrain reading (y, j to 
the weight of the sample (IV) at any given time in the form: 
y,, = 0.8988 W- L270 (3.2) 
where W is the weight of the sample in grammes. Additionally an electronic weighing 
scale with an accuracy oft 1g and a resolution of 0.1 g was used in situations in which the 
crop samples were dried simultaneously on two or three tiers of drying shelves. 
3.2.2 Instrumentation of the field model. 
Temperature measurement. 
The collector was instrumented with type K thermocouples for measuring the temperatures 
of the components of the air-heater, the absorber plate, the glazing, and the base plate, at 
three locations along the length of the air-heater. At each location, the top and the bottom 
temperatures of the components were taken. The temperatures of the air in the two flow 
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channels of the air-heater were measured at the inlet and outlet sections. The ambient air 
temperature was also measured with a type K thermocouple with the sensor placed at Im 
above the ground surface and positioned 8m from the nearest edge of the collector in 
conformity with the British Standards (Anon, 1986). The plenum temperature was 
measured with a thermocouple. 
It was difficult to locate thermocouple probes in the chimney wall in order to monitor the 
air temperature within the chimney because it could not be reached in the absence of a safe 
and reliable ladder. 
Air speed and ambient relative humidity measurement. 
The ambient air speed at inlet to the primary collector was measured parallel to the plane of 
the collector aperture at two points spaced 25 cm apart and each at a height of 30 mm 
above the aperture. The air speeds of the heated air at the outlets of the collector ducts 
were measured along the centre-line of each air channel. A thermal anemometer, suitable 
for measurement of air velocities within the range 0.02 to 5.0 m/s and at temperatures 
between -10 and 50° C, was used to measure the air speed at inlet to the air-heater and at 
outlet section of the lower channel at hourly intervals. Continuous monitoring of the air 
velocity at the outlet section of the upper channel of the air-heater was obtained using the 
Gill Propeller anemometer (from RM Young Company, U. S. A) model 27106T. 
The relative humidity at the inlet and outlet of the collector were taken manually at hourly 
intervals with a hand-held relative humidity/temperature measuring instrument with an 
accuracy oft 2%RH for relative humidity values in the range 2 to 98%RH. 
Incident solar radiation measurement 
An LI-200SA LI-COR PYRANOMETER (from Campbell Scientific Incorporation, 
U. S. A. ) located at middle of primary collector was used for measuring the incident global 
solar radiation on the collector. The LI-200SA outputs a low level voltage but the 
differential voltage measurement technique was employed for better noise rejection 
compared to the single-ended measurement. 
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Measurement of sample weight loss 
It was not possible to devise a mechanism to continuously monitor the weight loss of the 
material being dried. An electronic weighing scale with an accuracy of ±2g and a 
resolution of 1g was used for the weight measurement. Three sets of experiments were 
conducted but in the first experiment, the entire crop mass being dried was weighed only at 
the beginning and end of each day's operation. In test 3, the entire crop mass was weighed 
after every 3 hours and the weight noted, while in test 2 the weight of the material at the 
beginning of the first day and at the end of each day's operation was recorded. 
Data Logging 
In the instrumentation of the field model, except for the measurements taken manually all 
other readings were continuously monitored and logged out using a 21X Micrologger from 
Campbell Scientific Incorporation, U. S. A. The logger was programmed in the single 
channel mode to select an input to a channel every 10 minutes and recorded data integrated 
to give the hour-by-hour values. 
3.3 An overview of the test series 
Tests performed using both models of the MNCSCD described in section 3.1 can be 
classified broadly into two categories as: a) tests under no load conditions and, b) tests 
under load conditions. In each test under load conditions, cassava was used as the drying 
material. A loading density of between 6.3 and 19 kg/m2 was employed in all the tests. 
The loading density was chosen in conformity with the recommended values of 5 to 
15 kg/m2 recorded in the literature for the drying of cassava chips (Roa, 1974). The 
cassava used for the laboratory tests was purchased from the Leicester Open Market in the 
evening prior to the day of the experiment. 
3.3.1 Laboratory tests 
In all, thirteen carefully planned tests were conducted using the same dryer model but with 
three configurations of the same SPDDSAH. The tests investigated the (i) temperature rise 
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in the chimney, (ii) mean temperature of the drying air at the exit of the air-heater (iii) 
temperature variation and mean temperature rise of air inside the drying chamber, (iv) 
mean operating temperatures of the components of the air-heater, (v) the flowrate of air 
entering the drying chamber, (vi) the drying rates of the material dried, and (vii) the overall 
performance of the dryer. The tests are grouped and discussed under six headings in order 
to highlight the main objective(s) of each test or set of tests. 
(a) Tests to examine relative performance of the dryer under no load conditions 
Three tests (Tests 1,2 &3) were conducted with the primary aim of examining the relative 
performance of the three different configurations of the same SPDDSAH and the 
corresponding performance of the drying chamber and chimney under no load conditions. 
For every test, recordings were made for periods of at least three consecutive days with 
five to seven readings taken hourly per day. Test 1 was undertaken from 2 June 1997 to 4 
June 1997. On each day, the experiment was conducted within the hours of 9: 15 am to 
4: 45 pm. Test 2 was carried out from 9 June 1997 to 11 June 1997, while test 3 was 
performed between 20 June and 23 June 1997. All the experiments in test 2 were 
conducted between 10.30 am and 4.30 pm on each day, while the four experiments in test 3 
were conducted from 9: 15 am to 5: 15 pm daily. A summary of the description of the three 
options of the SPDDSAH configuration used in each test including the dimensions of the 
top and the bottom channel depths is provided in Table 3.1. 
Table 3.1: Summary of the test conditions for laboratory tests 1,2 and 3. 
Test Conditions 
Position of absorber 
plate 
Air duct, top channel 
depth (mm) 
Air duct, bottom channel 
depth mm 
TEST I TEST 2 TEST 3 
Option A- Option B- Option C- 
absorber plate in absorber plate in absorber plate in 
top position middle position lower position 
20 39 58 
55 36 17 
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(b) Tests to examine the overall performance of the dryer for the three options of the 
air-heater configuration 
Three tests (Tests 4,5 and 6) were conducted under load conditions to examine the 
performance of the dryer for all the three air-heater configurations. Tests 4,5 and 6 were 
carried out on options A, B and C of the air-heater configuration, respectively. The 
experiments were devised for the material moisture content to be monitored continuously 
for the same loading density. In each of these tests cassava was dried in a single tray at a 
height of 190 mm from the base of the drying chamber and drying proceeded till the 
desired moisture content was achieved or the experiment was terminated. In test 4, 
1458.3 g of cassava was dried from an initial moisture content of 67% (wet basis) for 22 
hours, after which the experiment was terminated. This test was undertaken from 11: 40 am 
on 22 March 1998 to 09: 40 am on 23 March 1998. Test 5 was conducted from 11: 20 am 
on 28 March 1998 to 09: 20 on 29 March 1998. In this experiment cassava with an initial 
weight of 1460 g and at moisture content of 66% was dried. Test 6 was performed from 
11: 20 am on 4 April 1998 to 09: 20 am on 5 April 1998. Cassava at an initial weight of 
1460.1 g and an initial moisture content of 67% was dried. In each of the above tests, the 
specified quantity of cassava was spread on a metal mesh tray on an area of about 0.16 m2. 
The load was suspended on the cantilever system at a distance of 190 mm from the base of 
the drying chamber. The microstrain reading corresponding to the weight of the crop being 
dried was recorded at hourly intervals. To compare the performance of the solar dryer with 
that of `natural sun-drying', in test 4a control sample (122 g of cassava) was spread over 
an area of 0.043 m2 on metal-mesh tray near the dryer at the same elevation as the sample 
in the drying chamber. The control sample was dried simultaneously under the same room 
conditions. The weight of the control sample was taken at hourly intervals by means of an 
electronic weighing scale. 
(c) Tests to examine the effect of the thermal inertia of the dryer on the overall drying 
efficiency for three air-heater options 
To examine the effect of the thermal inertia of the dryer on its performance, three 
experiments (Tests 7,8 and 9) were performed on options A, B, and C of the air-heater 
configuration respectively. In this set of tests, the crop was dried during the day-time for at 
least four hours each day between 0900 and 1800 hours. At night the light source was 
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switched off. Each experiment was carried out until the desired moisture level was attained 
or the experiment was terminated. The microstrain readings corresponding to the weight of 
the crop being dried was recorded at hourly intervals and in addition the weight of the crop 
sample at the beginning and the end of each day of the experiment was recorded. This 
series of tests was also a way of investigating the nocturnal moisture re-absorption or de- 
sorption. In these tests, the samples were dried in tray suspended at a height of 190 mm 
from the base of the drying chamber. 
Test 7 was conducted from 10.55 am on 21 September 1997 to 5.25 pm on 24 September 
1997; on about 1425.6 grammes of cassava chips. 
In test 8,1023.3 grammes of cassava chips were spread on the same drying tray and dried 
from 10.07 am on 12 November 1997 till 4: 55 pm on 14 November 1997. 
Test 9 was commenced at 10: 15 am on 18 August 1997 and stopped at 5: 05 pm on 20 
August 1997; 1116.7 g of cassava chips were dried in this test. The material dried in each 
of the above tests was spread on an area of 0.16 m2 on a metal mesh tray located at a height 
of 190 mm from the base of the drying chamber. 
(d) Test to investigate the effect of the position of the drying tray on drying progress for 
the SPDDSAH option C 
This test (Test 10) was conducted from 10: 15 am on 26 August 1998 to 28 August 1998. 
A drying tray of surface area 0.16 m2 located at a height of 240 mm away from the base of 
the drying chamber was loaded with 1117 g of cassava at an initial moisture content of 
67 % (wet basis). The drying was performed on daily basis. To compare the performance 
of the solar dryer with that of `natural sun-drying', in test 10 a control sample (322.3 g of 
cassava) was spread over an area of 0.046 m2 on a metal-mesh tray near the dryer and at 
the same height as the sample in the drying chamber. The control sample was dried 
simultaneously under the same room conditions. The weight of the control sample was 
taken at two hour interval on an electronic weighing scale. The experiment was started at 
10: 15 am on 26 August 1998 and terminated at 4: 30 pm on 28 August 1998. 
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(e) Tests to investigate the optimal loading arrangement for SPDDSAH option C 
In this series, two tests, namely tests 11 and 12, were conducted with the primary aim of 
investigating the optimal loading arrangement for the dryer. In test 11, about 1329.3 g of 
cassava at an initial moisture content of 65% (wet basis) was divided into three parts 
(423.7 g, 486.8 g and 418.8 g) and dried on the three drying shelves. About 423.7 g of 
cassava was placed on the top shelf, while 486.8 and 418.8 g of cassava were dried on the 
middle and bottom drying shelves respectively. The samples were placed vertically in line 
on the three shelves and spread over an area of 0.053 m2 on each shelf. In test 12, about 
664.6g and 664.7 g of cassava at an initial moisture content of 67% (wet basis) were dried 
on the top and bottom shelves respectively. Similar to test 11, the samples were placed 
vertically in line and spread to cover an area of 0.10 m2. In test 11, drying commenced on 
12: 25 noon on 4 September 1998 on daily basis and proceeded till 4: 16 pm on 8 September 
1998. Test 12 was conducted from 9: 15 am on 9 September 1998 on daily basis till 4: 40 
pm on 11 September 1998 when the experiment was terminated. 
(0 Test to evaluate the performance of the dryer at the rated or design capacity 
In this test (Test 13), a drying tray of surface area 0.16 m2 was loaded with 3.0 kg of 
cassava at an initial moisture content of 68% (wet basis) and placed at a height of 340 mm 
away from the base of the drying chamber. To ensure adequate exposure of the entire crop 
mass to the incident radiation the crop mass was stirred twice in a day. This experiment 
was conducted with the absorber plate in the bottom position as in test 3. Test 13 was 
conducted from 9.39 am on 15 September 1998 to 4.47 pm on 17 September 1998. 
3.3.2 Field tests 
Three field tests were carried out, which are hereafter referred to as Tests 1,2, and 3. 
These experiments were conducted from 2nd to 14th October 1997. Cassava was used as 
the drying material because it was readily available and less expensive at the time of the 
experiments. In all the tests, the dryer was loaded with cassava freshly harvested. 
Chapter 3 Experimental set-ups: description, instruments, measurement techniques and 
tests. 
114 
Test I 
In test 1, the top shelf of one of the three drying racks was loaded with 49.1 kg of cassava 
with an initial moisture of 62% (w. b) and spread over an area of 4.68 m2. A control 
experiment was carried out by spreading the same quantity of cassava over an area of 
4.7 m2 in the sun. In the control experiment, cassava was dried on a raised platform at 
height of lm above the ground in the sun. This test was conducted from 7: 15 am (local 
time) on 2 October to 5 October 1997. During this test, the weight of the entire crop mass 
was taken at the beginning and close of each day of drying. 
Test 2 
In test 2, the bottom shelves of two of the drying racks were loaded with 65.88 kg of 
cassava, at an initial moisture content of 64% (w. b), over an area of 6.24 m2. Test B was 
started on 8 October at 1: 00 p. m. and terminated at 5: 10 p. m on 12 October. Unlike test 1, 
the weight of the material was taken at the end of each day of the experiment. 
Test 3 
In test 3, part of the top and the bottom shelves of the middle drying rack were used for 
drying. About 81 kg of wet cassava at an moisture content of 62.5 % (w. b) was spread on 
the top shelf over an area of 5.4 m2. About 80 kg of wet cassava with an moisture content 
of 62.5% (w. b) was spread on the bottom shelf covering an area of 5.4 m2 directly below 
the crop on the top shelf. A control experiment was carried out by drying 10.91 kg of the 
same species of wet cassava in the sun on a raised platform over an area of 1 m2. In this 
test, the weight of the crop being dried was taken after every 3 hours. This experiment was 
started at 9: 30 am on 10 October and terminated on 13 October 1997. The aim of this 
experiment was to examine the effects of direct absorption of solar radiation and shading 
on the drying rate of cassava placed on the upper and lower shelves respectively. 
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LEGEND: 
e Thermocouple probe 
o Hand-held hygrometer 
o Self-adhesive surface 
thermocouple 
" Mercury-in-glass 
thermometer 
Air mass-flow 
Crop bed 
Figure 3.3: Schematic illustration of the laboratory dryer showing the locations of the 
temperature measuring sensors. 
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CHAPTER FOUR 
FORMULATION OF MATHEMATICAL MODELS 
4.0 Introduction 
In this chapter, the mathematical models developed for predicting and evaluating the 
performance of the MNCSCD are presented. Three models are presented namely; the air- 
heating model, the drying model, and the technical performance model. The air-heating 
model, as presented in section 4.1, incorporates a model for predicting the intensity of solar 
radiation on the plane of the collectors (the primary and secondary collectors) and utilises 
the psychrometric model based on equations (2.70) through (2.85). The drying model, as 
presented in section 4.2, incorporates a design model which is based on equations (Al) 
through to (A23). The technical performance model is presented in section 4.3. 
4.1 Formulation of the solar air-heating model 
In this section a mathematical model of a single-pass, double-duct solar air-heater 
(SPDDSAH) is described. The model provides a design tool capable of predicting: the 
solar energy incident on the collector surface per unit area over a specified time 
(insolation), heat transfer coefficients, the mean air-flow rate, the average air temperature 
and its relative humidity at the collector exit. 
The equations governing the performance of the system are formulated by coupling energy 
balance equations on the components of the air-heater with those for the useful heat 
extracted in the two channels, and making the following assumptions: 
1. The air-heater operates under steady-state conditions. 
2. The capacitance of the absorber plate is negligible. 
3. The air-heater is subjected to constant insolation and hence, the operating temperatures 
of its components; the absorber, the bottom, and the cover plates are constant. 
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4. The area of the absorber plate is equal to the aperture area of the primary collector. 
5. The temperature of the air varies only in the direction of the flow (x-direction). 
6. The sky is considered a black-body for long wavelength radiation. 
7. The heat flow through the glazing and the bottom plate is one-dimensional and in the y- 
direction. 
8. The air-heater is treated as an inclined chimney. 
9. The air-heater is considered to be made up of sections of equal length in the direction of 
air flow with each section receiving heated air from the previous section and delivering 
heated air to the following one. 
10. The physical properties of air are assumed to vary linearly with temperature in the 
range 293 K< T< 333 K. 
11. The ambient temperature and wind speed are constant and equal to the long-term, 
monthly-average day-time values. 
4.1.1 Energy balance equations 
The energy-balance equations on the three components of the SPDDSAH, as illustrated in 
fig. 4.1, and two expressions relating the useful energy absorbed by the heated air in the 
two channels to the incident energy (solar radiation) on the system are given below: - 
T, U.. ý 
TC 
m 
S° 
-r--ý -º 
T4 , m, ----+ h2 
h, 
m_ 
-'z-'--i 
h. 
TP 
h, ý T4 2 mr-ý 
t 
T, 
Tb 
U.. = 
Figure 4.1: Energy balance on the components of the air-heater and its surroundings 
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cover plate: 
S, +hia( T-T)+h, (T, -T)= hW(T-T, )+hrý(T-T) 
air stream 1(Air in top channel): 
h2W(Tp -T4, )=h, W(TC, -T)+th, C. 
dam' 
+Uý,, S, (T4, -7. ) (4.2) 
absorber plate: 
Sp = h3 (p -Tf. 2)+h2(TP _7 tl)+ hrpb(Tp -Tb)+hr. a( 
v -T) 
airstream 2 (Air in bottom channel): 
h3W(Tp -Tom)=h4 W(Tý2 -Tb)+m2C, 
a+ Ue2s2(Ta -T, ) 
bottom plate: 
h4(Tr. 2 -Tb) + hfPb(TP - T) =Ub(Tb-T, ) 
(4.1) 
(4.3) 
(4.4) 
(4.5) 
Performance of the air-heater under a given set of conditions, 
The overall effectiveness of the solar air-heater is indicated by its energy collection 
efficiency, ri,, which is a measure of how effectively the energy available in the solar 
energy incident upon the solar collector is transferred to the air flowing through it. It is 
defined as the ratio of the heat received by the drying air to the solar energy incident upon 
the absorber surface, in a given time interval, and is calculated from the equation: 
n. = 
m, Cp. i (Ttlo - TfIw)+IIl: 
Cp, 
2(Ttio - TtznN ) (4.6) 
I, x A, 
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4.1.2 Modelling of air flow rate 
Air flow rate through a chimney is caused by natural draft resulting from temperature 
difference between the hot air at inlet to the chimney and the cold air outside it and is 
expressed as (Achenbach and Cole, 1949): 
D, = 47.9p; h' 
7r', 
m-?: (4.7) 
T. 
where, Dt is the pressure drop (N/m2), Til, o 
is the mean temperature of the heated air inside 
the chimney (° F), T, is the temperature of ambient air (° F), h' is the vertical height of the 
stack (ft) and p; = mean density of ambient air (lb/ft). To account for heat losses in a 
chimney, the mean temperature, T,., valid for chimneys less than 9m high, is given by 
(Colborne and Moffat, 1959): 
TC'. =T, '-0.65(T, '-TC', ) (4.8) 
where Tä and Too are temperatures at the inlet and outlet of the chimney respectively. 
Neglecting inertia forces, the thermal pressure difference inside the collector is balanced by 
pressure drop due to friction across the collector and hence the mass flow rate of air in the 
ith channel is given by 
' ýT Ws. Ct Fv, ý " 
f2147.9 
pa hr. Pi ý 
So 13 a 
(4.9) 
where, h' = L'sinß , F,.; = (_d`. ý , db,; = hydraulic mean depth of the duct, L' = the f Lp; 
length of the collector in feet and C,, is the coefficient of velocity the values of which 
were found to range between 0.2 and 0.6 for both the top and bottom channels of the air- 
heater. 
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4.1.3 Estimation of heat transfer coefficients 
The radiative heat transfer coefficients from the absorber plate to the cover plate (glazing), 
hr 
a, and 
from the absorber plate to the bottom plate, h,, b are given by an expression of 
the general form: 
Q (Tp2 + T2 Xö+ Ti) ý, 
pi 
= 
1+1 
-1 Ep Ei 
(4.10) 
where, i represents c, b. 
The heat transfer by radiation from the glazing of a solar collector to the sky (i. e. from a 
collector to the surroundings) is given by 
lýa=QSC(T2 + T, 2)(T + T, ) (4.11) 
where T,, the sky-temperature, is evaluated from an equation given by Swinbank (1963) as 
T, =0.0552(T. )'s (4.12) 
For a rough assessment of sky temperature, Whillier (1967) provides even a simpler 
expression 
T, = T, -6 (4.13) 
The effective sky temperature is related to the dew point temperature, dry bulb 
temperature, and the hour from midnight, tk by the following equation (Duffle and 
Beckman, 1991): 
1, =1, (0.711+0.0056B, ß +0.0000730,2 +0.013cos 15th) 
(4.14) 
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where T and T. are in Kelvin and 0, is the dew point temperature in degree Celsius. The 
experimental data on which equation (4.14) is based is valid for dew points ranging from - 
200 C to 30° C. It is reported that in general the difference between the sky temperature and 
the ambient air temperatures range from 5° C in hot, moist climate to 30° C in a cold, dry 
climate. In this study equation (4.12) was used since it is relatively simple and also gives 
fairly accurate results. It has been noted that a cloud cover will tend to increase the sky 
temperature over that for a clear sky. 
Hollands et al (1976) give the relationship between Nusselt number and Rayleigh number 
for free convective heat exchange through a tilted cavity with tilt angle, fl, 0S ß5 60° and 
large aspect ratios, (Ifs) z 12 as: 
lýiý=1+ 143r1-M( ý8p)L6l 1- 1ý + 1(R1(a: Eßi SýiO 
j-1 
(4.15) 
J ý( a) ý( a) 
where [ X]" is defined by: [xJ =(X+X Y2 
The average value of the Nusselt number is related to the local value by the relation 
Nu = `- Nux (4.16) 
Equations 4.15 and 4.16 are used to evaluate the heat transfer coefficients, h2 and h4 , 
between the hot air and the heated absorber plate for large aspect ratios (Us > 12) and 
critical angles less than 60°. For small aspect ratios, (Us) S 12 and tilt angles less than the 
critical values ß` given in Table 4.1, it is suggested (Incropera and DeWitt, 1996) that 
reasonable results may be obtained for rectangular cavities as follows: 
/B` 
Nu L= Nu 
Nu' 9 
H NuH 
(4.17) 
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Table 4.1 Critical angle for inclined rectangular cavities. 
Us 
flc 
1 
25° 
2 
53° 
Source: Incropera and DeWitt, 1996. 
6 12 > 12 
600 67° 700 
The convection heat transfer coefficient for a horizontal cavity, NuH with the heated plate 
below is obtained from equation (4.15) by making ß=0. For a vertical rectangular cavity, 
with aspect ratio from 2 to 10, Pr <105 and 10' < Ra < 1010 the following correlation has 
been suggested (Incropera and Dewitt, 1996): 
1 021 
Nu =0.22( 1 0. 
ýý 
RaJ 
( 
s) 
-1/1 
(4.18) 
The characteristic length in the expression for Nusselt number for equations (4.15) to 
(4.18) is the depth of the corresponding air channel. In using these equations the properties 
of air are evaluated at the mean temperature of the plates enclosing the cavity. 
The heat transfer coefficient, h, between hot air and the inner surface of the relatively cold 
tilted glass cover is estimated using the following correlation (Elsayed, 1990): 
Nu= hý 
" 
-0.27[ (GrPrcosß)}' 
] (4.19) 
where, L' is the characteristic length and defined as the surface area of the enclosure 
divided by the perimeter that encompasses the area. 
The heat transfer coefficient, h, is calculated using the correlation for calculating heat 
transfer coefficients between two horizontal plates (with the hot plate uppermost) and 
accounting for the tilt through multiplying by the appropriate factor as follows (Wong, 
1977): 
Nu = 0.135 (Gr Pr cosß) 
x3 (4.20) 
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The wind heat transfer coefficient, h,,, is evaluated using correlation proposed by Othieno 
(1987) for angles of tilt in the range 0 to 200 as: 
hM =k(75+0.42Re°*6)/X (4.21) 
where the characteristic length, X, is four times the plate area divided by the plate 
perimeter. 
The back loss coefficient Ub is given by Klein (1979) as: 
Ub = 1/(x/k + 1/hb) (4.22) 
where k and x are the thermal conductivity and thickness of the back insulation, 
respectively, and hb is the convection heat transfer coefficient between the bottom of the 
insulation and the environment. The values of hb are generally in the range of 12.5 to 
25 W/m2 K (Tabor, 1958). 
The edge heat losses are estimated by assuming one-dimensional sideways heat flow 
around the perimeter of the collector system. The edge loss heat transfer coefficient is 
referred to the collector area, A,, and given by: 
Ul, = (UA). dg, /A, = {(klx)s, }/iV (4.23) 
4.1.4 Radiation incident on the collector surface 
The monthly average daily extraterrestrial radiation on a horizontal surface, H. is given as 
(Duffie and Beckman, 1991): 
H _24x3600 Gxr 
360n1 
f 
ýtýy 
, ;r 
1+0.033cos 
365 cosýcos8sin 
r, ý+ 180 sin0 sin 
S (4.24) 
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where G. = 1367 W/m2, n= mean day (based on solar radiation) of the month, 
0= latitude of the site, 8= declination and ws = sunset hour angle. Equation 4.24 is valid 
for evaluating H,, for latitudes in the range -600 to +60°(Duffie and Beckman, 1991). 
The declination, S, can be found from the equation of Cooper (1969): 
5=23.45sin(360 284 + n) (4.25) 
365 
The Angstrom-Page regression equation which relates monthly average daily radiation to 
the extraterrestrial radiation on a horizontal surface is: 
+b"n H, N 
(4.26) 
where, H= monthly average daily radiation on a horizontal surface, n= monthly average 
daily hours of bright sunshine, a", b" are location-dependent empirical constants and 
N= monthly average of the maximum possible hours of bright sunshine and is given as: 
N =15 cos-'(- tan O tan S) (4.27) 
The values of a", and b" for various climate types and locations are provided in Duffie 
and Beckman (1991). In the case study, the annual values of a" and b" determined for 
for Kumasi (Jackson and Akuffo, 1992) were used for lack of available values for the test 
site. 
The mean monthly daily total radiation on a tilted surface, Hr, is related to 17 and k as: 
HT =RH (4.28) 
where, k is an estimate of the sum of three terms corresponding to the beam, diffuse, and 
ground-reflection on the inclined surface. 
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Klein and Theilacker (1981) formulated an algorithm for estimating k valid for any 
surface orientation, and for all latitudes and for any surface azimuth angle y. For south 
facing collectors in the northern hemisphere (y = 0), k is given by Klein and Theilacker 
(1981) as: 
a- 
H° ý 
(sin w' -ý ýv' cos r, v') cos(ý-ý 
IH' 
180 '' 
dcosý b! 1+2I( w; 180+sinw; 
(cosw, -2coswj)) 
(4.29) 
where co, = arccos (- tan 0 tan 8) (4.30) 
co' =arccos(-tan (c-ß)tan 8 (4.31) 
co, ' = min (w,, w") (4.32) 
The values of a, b and d in equation (4.29) are given by Liu and Jordan (1977) and 
Collares-Pereira and Rabl (1979) as 
a=0.409 + 05016 sin (w, - 60°) 
b=0.6609 - 0.4767 sin (w, - 60°) 
d= sines, -w 180 , cosw, 
(4.33) 
(4.34) 
(4.35) 
The above algorithm requires an estimate of j7, /j7, the monthly average daily diffuse 
radiation fraction. Experiments have shown (Duffie and Beclanan, 1991) that He/His 
related to the monthly average daily clearance index, Kr (=H/H, ) - the ratio of average 
daily total to extraterrestrial radiation. Duffle and Beckman (1991) recommend the use of 
the Erbs et al, (1982) correlation's for estimating HH /H. Equations for the Erbs et al's 
correlation of 
Hd 
to KT and w, are as follows: H 
E) Hd 
ll+ 2s 
fjl 
+ Pt 
(L- 
2 
sßJ 
l JJ 
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For o, 5 81.4° and 03 5 Kr 5 0.8 
H=1.391 
- 3.560 Kr + 4.189 Kr2 - 2.137 KT' 
For w, > 81.4° and 0.3 5 Kr S 0.8 
(4.36) 
.==1.311 
- 3.022 Kr + 3.427 Kr2 - 1.821 K, 
' (4.37) 
According to Liu and Jordan (1977), the ground albedo, p,, varies from 0.2 to 0.7 
depending on the extent of the snow cover on the surface and for a surface not covered 
with snow they recommend the minimum value of 0.2. 
The monthly average transmittance-absorptance product, (ra ),,, , is related to the monthly 
average radiation incident on the collector and the monthly average solar radiation 
absorbed per unit absorber plate area, So. as (Klein, 1979): 
SP, =HT(ra) = R'H (4.38) 
The radiation absorbed by the absorber per unit area (So, ), is evaluated by combining 
equations (4.38) and (4.39) and also introducing a factor to account for the effects of dust 
and shading on the collector performance. Hence the effective monthly average daily 
absorbed radiation (by the absorber) is given by: 
SPý =CR'(a" + b" 
n )H, 
N 
(4.39) 
In this model, it is assumed that solar radiation is collected over a time interval of Nds, 
corresponding to day length for drying, (in hours) on each day of the month. Hence the 
steady-state value of the intensity of the monthly-mean absorbed solar radiation (by the 
absorber) is given as: 
11 f-! 
so =ý; R, (Qºº +b"-) -e N N, 
º x3600 
(4.40) 
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where, (= 0.96) is a factor to account for the combined effects of shading and dust and n 
is the number of bright sunshine hours on the mean day of the month. 
The intensity of solar radiation absorbed by the collector cover per unit area is given by 
Sý =R Kr 
H. 
Nd, x3600 
(4.41) 
The effective transmittance-absorptance product of the diffuse and ground reflection 
components of the incident radiation on the tilted surface can be approximated by a relation 
of the form: 
(ra)j=1.01rjaj 
where, 
a J =1 +2.0345 x 10'O ý -1.990 x 10-4 92 +5324 x 10-6 0' - 4.799 x 10-'O 
', 
a 
60° beam component 
Oj= 59.68-0.0138ß+0.001497ß2 diffuse component 
90-0S788ß +0. O02693ß2 reflected component 
(4.42) 
(4.43) 
(4.44) 
and f3 is the collector tilt. The effective transmittance-absorptance product of the beam 
component of the incident radiation, (za)b, is calculated using the following expression of 
the incidence angle modifier (Duffie and Beclanann, 1991): 
rab=(1+bo{Cos 19 -1 
}) (ra)t (4.45) 
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where 0 is the solar incidence angle on the glass cover and bo =-0.1 for a collector with a 
single glass cover (ASHRAE, 1977). Equation 4.45 is used to calculate (ra)b after putting 
0= 60° as suggested by Brandemuehl and Beckman (1980). 
4.1.5 Thermo physical properties of air in the plenum 
The air inside the plenum is a combination of the air streams exiting the two channels. In 
estimating the temperature of the air in the plenum, adiabatic mixing of the two air streams 
from the channels is assumed to achieve a conservative estimate of the air temperature 
inside the plenum. This assumption is made on the premise that, once the air is inside the 
plenum there is no radiative or conductive heat transfer to the air. In real terms, the effect 
of heat losses is accounted for by the factors (4 and ') based on experimentation. The 
expression for the average temperature of the air in the plenum is given by: 
ml cp. ITf. I +m2cp. 2TJ. 2 
+ 
)! 
Tf(m' 
+lh2 
(4.47) 
where ý and y are constants determined experimentally. A linear regression using data 
(208 observations) from experiments on both the full-scale and the small-scale models and 
based on equation (4.47) produced 4=0.94 and y= -0.56 with R2 = 0.96. 
The thermo-physical properties of air (density, thermal conductivity, specific heat and 
kinematic viscosity) are assumed to vary linearly with temperature T (K). The following 
relations valid for 293 K<T< 333 K are assumed for various thermo-physical properties 
of air: 
p= -0.0038T+23180 
k= [0.0732 T+4.1672] x 10 
Cp = 0.0000098 T+1.0038 
v= [0.0942 T+ 23180] x 10' 
(4.48) 
(4.49) 
(4.50) 
(4.51) 
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The recommended (Kern and Harris, 1975; Duffie and Beckman, 1991) value of the 
collector tilt, ß, for maximum annual collection of solar radiation is the latitude of the site. 
However, from experiments the minimum slope for rain-water to drop off a sloped surface 
is 6°. Hence, the minimum value of the collector tilt is 60. 
4.1.6 Solution procedure 
By manipulating equations (4.1) and (4.5), we obtain 
T 
Uj +h, 
ý +h4 
[U°T' +h, T° +h4Tf, 
1 [S +h T+h T+h T+h T, h, 
a 
+ hw +h, +h, 
ý 
, .ývý tý w. .a. 
(4.52) 
(4.53) 
Eliminating T and T from equations (4.2), (4.3) and (4.4), yield the following three 
equations: 
A, Tp=B, Tf, +C, Tf=+r3 
dTfý 
dx -.. "f, 't`' `h /' 
-] T -L it T jL .. 
ý2 
="2 Tf, +JU2 Tj, + Y2 
where: Y3=D, T, +E, T, +F, S, +SP; 
YZmZ 
C, 
I 
\D' 
+D, IT, +AAE'T+AÄFS, +AýS" ' 
F2 
lEJ' 
'llºº 
Y, =1 
CAZD' 
+D2 +(AZE' +E2)T, +(A2F' +F2)S, +AZ Sp m, C, A)A, A, A ,, 
(4.54) 
(4.55) 
(4.56) 
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p2 =1A, 
C, 
- B, ; F, = 
h 
.F= Ub + h, + h, 4; A2 = 
h2 + m2Cs A, E ý' E 
E=h, 
a+hw 
+h, +h, 
P. 
; 
h. h, 
B, =hZ+ E 
h, 
ý 
h, 
a E, __r 
Eý 
A, =h3 +h2 + h, p* - 
C, = h, 
h, h4 
+F 
E2 = T3'ý 
h`h 
°I; 
El 
A3 h, +h4 
hrpb 
F 
h 
, p&' 
h,, ' 
F 
+h, 
K E' 
., Sz; D3=4 
h4Ub B, = hs + h4 - 
hF, 2+U! 
-) 
F 
D, = 
(h,, 
6 
Ub IF) + 
(h, 
p, 
h,, 1E); 
2 
B2 = 6ý' h2 + h, - 
hE 
+ 
U`W' 
D= 
hlhw 
+ 
U. 
's, . 2EW' 
+ 
t%y S2 
I" 
W /' 
Equations 4.55 and 4.56 form a linear non-homogenous coupled differential equation 
system with coefficients that are dependent on the plate temperature T. , the cover 
temperature T, the bottom plate temperature Tb, the solar intensity s and the ambient 
temperature T, (Pawar et al, 1994). The two input variables of the model, namely the solar 
intensity and the ambient temperature are periodic in nature, and hence the values of the 
plate temperature T., -fluid temperatures Tf, , Tfa which are dependent on S and T, will 
also be periodic. Putting Tp as a constant and eliminating Tf., and Tf 2 from equations 
(4.55) and (4.56) respectively by making use of equation (4.54) yield, 
dXt - 
O1 TIi + 02 
dTf= 
C[. [ 
- Y'3 `fa T Y'f -ý T -LA 
(4.57) 
(4.58) 
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where: o, p'Bl : ýz = 
"I A, 
C, C, 
_ 
A. 
2AI 
a'2Y, 
0. - B TP- B +Y2 ý, 
. UlY3 Yl C, 
02=JU2 - 
I'C' 
and B , 
The finite difference technique is employed to solve equations (4.57) and (4.58) together 
with their boundary conditions. An explicit forward differencing method is used with an 
iterative technique by expressing these equations (4.57) and (4.58) in the form: 
Tf, 
a=1 
{( ý, Ax + 2) Tf, p +2 
c2 Ax) 
(2-ý, Ax) 
Tf20 =1 {(03AX + 2)Tf2A, +204Az} (2-O3&) 
where Tfr =2 (Tf + Tf, 
e) 
(4.59) 
(4.60) 
The model assumes that at steady-state, the temperatures of the cover, absorber and the 
bottom plate (the walls) are each characterised by a constant value. The collector is 
imagined to be divided into a finite number of short sections each with a mean air 
temperature equal to the average of the inlet and outlet air temperatures. An iteration 
process is then started. The temperatures of the walls are initially guessed. The heat 
transfer coefficients are estimated using these guessed values. The initial values of the 
parameters defined, in equations (4.54) to (4.58) are then determined. Equations 4.59 and 
4.60 are then used to determine the first approximations of exit temperature of the air in the 
first section. Equations 4.52 through to 4.54 are then used to calculate new values of cover 
temperature, T, the absorber temperature, T. and the bottom plate temperature, Tb. The 
newly calculated values of T, TP and Tb are compared with the initially guessed values. 
The absolute criterion of convergence in the form IT, (--') -T(-)I so. oi is employed to test for 
convergence of the values TT, TP and Tb. When convergence is established, the accepted 
values of Tc, TP, Tb, T f., and T1 are used in determining the mass flow rates 
in the two 
channels. Subsequently, the criterion of convergence of the form Im, ("`') -A; i-)Iso. ooi is 
used to establish convergence of the mass flow rate values. If the mass flow rate does not 
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converge, the iteration process is repeated with last calculated values of T, Tp, Tb, T, and 
Tfr2 as the initial values for the entire iteration process. On the other hand, if the 
convergence of the mass flow rate is also established then established values of the 
parameters (011,02 , 03 and 0) 
in equations (4.59) and (4.60) are assumed constant and 
carried along with the flow. The accepted temperatures of the air at the exit of the first 
section are used as the inlet temperature of the air to the second section, if any. Equations 
4.59 and 4.60 are used to calculate the outlet temperature of the air in the second section. 
The last process is repeated until the entire length of the collector is covered. 
4.2 Formulation of the drying model 
The deep-bed drying process is approached by writing energy and mass balance equations 
on an arbitrary elemental layer of the fixed crop bed. The drying of this element can be 
simulated by considering changes that occur in the crop and the drying air as represented in 
fig. 4.2. The drying air is passed through this elemental layer of crop for a time interval 
(At). During this period, moisture is evaporated from the crop bed into the drying air 
causing the moisture content of the crop to decrease and the absolute humidity of the air to 
increase. For a specified air flow rate, the values of the following variables are determined 
after each incremental drying period (At): T. the drying air temperature; Tpr, the crop 
temperature; H, the absolute humidity of the drying air, and M, the average moisture 
content. 
H. T, G,, p,, Cpa 
Figure 4.2: Elemental volume of crop bed 
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In deriving the mathematical model for analysing the drying process, the following 
assumptions are made: 
1. no temperature gradients exist within each material particle; 
2. particle to particle conduction is negligible; 
3. air flow through the crop bed is uniformly distributed; 
4. heat capacities of the air and of the wet crop are constant during the short time 
interval of the passage of the drying air, 
5. the changes in temperature and humidity of air over an elemental layer of the crop 
bed are more significant than the changes that occur in a short time interval; 
6. at the commencement of the drying process, the drying air displaces all air within 
the dryer without heat or mass transfer taking place. This assumption although not 
exact, it allows for the initial boundary conditions of the process to be specified; 
7. moisture evaporated from the crop is at a temperature equal to that of the drying 
material; 
8. the crop-bed is a rectangular slab with void spaces; 
9. the change in enthalpy of the air trapped in the crop-bed void spaces is negligible 
compared to the change in the enthalpy of the flowing air. 
10. there is no condensation on the walls of the drying chamber, 
11. thermal capacitance of the drying chamber is significant; and 
12. the convective film resistance on the outer surface of the drying chamber is 
negligible. 
4.2.1 Heat and mass transfer in layer drying 
When a thin layer of material is dried by passing air through the bulk of the crop bed (i. e. 
by through-flow of air), the conditions of the material and of the air are altered. The 
changes that occur are specified by the changes in the humidity and temperature of the air 
and the moisture content and temperature of the material. Four independent equations are 
needed to determine the changes in these four conditions: the drying rate equation, the 
mass balance equation on the drying air, the heat balance equation on the drying air and the 
heat balance on the crop (O'Callaghan, 1971). In this model, the drying chamber walls are 
not considered to be adiabatic therefore a fifth equation, an energy balance on the chamber 
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walls is added to evaluate its steady-state temperature. These five equations are derived as 
explained in the subsequent sections. 
4.2.2 The drying rate equation 
The rate of moisture removal from the crop can be expressed by the diffusion equation, 
(equation 2.5) which describes the removal of water vapour from the wet product. The 
solution of this equation for a slab-shaped crop bed is given as (Crank, 1975): 
M-M, 
-8°1 M -M 
;Tz 
(2n + 1)2 
exp[-(2n + 1)2 D; r2t /z2] (4.63) 
where, D is the diffusion coefficient of the wet material, z is the thickness of the crop bed 
and t is the drying time. A simplified solution is sought by using the first few terms of the 
series solution of equation (4.63). The diffusion coefficient is a function of the material 
moisture content, the drying air temperature and the drying air relative humidity and for 
cassava the expression for the diffusion coefficient by Igbeka (1982) is modified as: 
D=`I'(-0.0274-5.74x10-"M+5.98x10-6 e"+0.0275e'"T +223x10 {-2RH+12} ) 
(4.64) 
where, LY is a multiplying factor the value of which is dependent on the range of the 
moisture content of the product. Results from a series of experimental drying curves for 
cassava, of moisture contents in the range 202% down to 15%, showed that drying 
proceeds only in the falling-rate period. Four stages of falling-rate periods were identified; 
the values of the multiplying factors for all the stages are as follows: 
Mz1.2 Y =0.07; 0.75M<1.2 `Y=0.01; 
0.4: 5 M<0.7 'P = 0.0063; Af < 0.4 'Y = 0.003. 
A generalised empirical relation is used to describe the equilibrium moisture content 
isotherms for hygroscopic materials. This relation is of the form (Teter and Citelly, 1970; 
Roa, 1974): 
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lnl Ai. 
: sl =4" +(4, +42RH+9sRHz +94ýs 
+4sRH4)T 
lP, +P, RH+PzRH +Psý ) 
In equation (4.65), p; and q1 are product-dependent constants. 
(4.65) 
4.2.3 Mass balance equation on the drying air 
This simply relates the exchange of moisture between material being dried and the drying 
air. Consider an element of material in a deep-bed dryer and the associated quantities (see 
fig. 4.2). Under steady-state, the difference between the amount of moisture flowing into 
and out of the control volume during the time interval dt is equal to the moisture leaving 
the material in the control volume. The change in humidity of the air in the void spaces 
can be neglected (Brooker et a!, 1974). 
The amount of water vapour flowing into the control volume at time dt past the plane at 
locations z and (z + dz), respectively are equal to 
G. AoHdt and G. Ap (H + 
aH 
dz)dt 
The amount of water removed from the material in the control volume in the time dt within 
which the drying air passes from locations z to (z + dz) is given as 
paAodz 99Mdt 
Under steady-state, assuming no condensation on the walls of the drying chamber, the 
mass balance on the control volume results in 
G, A, Hdt-G, A, (H+ 
ýHdz)dt= 
p, A, dz 
ýMdt (4.66) 
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which simplifies to: 
ý ax dm ° aZ - -'°° ar 
(4.67) 
where, G. (kg/s-m2) is the mass-flux of air through the drying chamber and is related to 
the mass-flow rate and the effective cross-sectional area of the drying chamber by the 
relation: 
G, _ (4.68) Ade 
The derivation of the expression for the mass flow rate (rn) is considered in section (4.2.7). 
4.2.4 Heat balance on the drying air 
The statement of energy balance on the air is: 
heat transferred to the drying material and the tray (including the latent heat for vaporising 
the moisture) plus heat transferred to the drying chamber walls must equal the heat loss 
from the air less the enthalpy of the vapour gained during its passage through the drying 
bed. 
Thus, 
the change in enthalpy of the air = heat lost to the product and the drying chamber + heat 
carried by vapour to the air. 
The enthalpy of the air flowing into the control volume in time dt at location z is 
G, A, [(C, + C,,,. H(z))T(z) + L, H(z)]dt 
Similarly, the enthalpy of the air flowing out of the control volume in the same time dt 
from location (z + dz) is 
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G, AP [(c,,, + Cp,, H(z +dz)) T(z + dz) + L. H(z + dz)] dt 
But the heat lost from the drying air to the product and the walls of the drying chamber is 
= 
[hVAP(T-TM }+h, A., (T-T,, )]dzdt 
Assuming that moisture is evaporated from the wet material at the same temperature of the 
crop, the enthalpy of vapour gained during the passage of air through a crop bed in time 
(dt) is given by 
(CPý, TP, + L. ) pp AD 
ýM 
dz di 
The change in enthalpy of the drying air is given by the difference between the enthalpies 
of the air flowing into and out of the control volume as: 
G, AP [(CO. + CP,,, H(z))T(z) + L, H(z)]dt - 
GoAP [(CP, + CPH(z +dz))T(z + dz) + L, H(z + dz)] dt 
Simplifying and re-arranging the terms of the mathematical statement of the energy 
balance for the drying air results in the relation: 
GA (C +C H+C TöH+L 
OH 
dtdz G. 
° °° °ý 0- Oz aZ 
L. 
Oz 
_ -hrAP(T - Ta)dtdz- (p,, Cp,,, T,,, + pPL, )AP 
af 
dtdz - hYAw(T - Tý, )dtdz 
(4.69) 
Substituting equation (4.66) into equation (4.69), the following expression relating the 
average temperature, T, at which air transfers heat in the control volume, to the drying 
conditions is obtained as: 
aT__ 
az G, (Cý, + Cp,, lý 
h, (To - T) + pýCo,,, 
(T 
- Taý - 
hýPw (T - TK, ) (4.70) 
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4.2.5 Heat balance on the wet material 
In writing the energy balance on the wet material, it is assumed that the external energy 
supplied to the drying chamber is used by the wet material and the drying chamber walls 
during the drying period in the following ways: 
" heat to evaporate moisture from the wet material and heat to raise the evaporated 
moisture temperature to that of the drying air 
" heat to raise the temperature of the dry solid and its residual moisture 
" heat lost from the crop through the chamber walls to the surrounding 
" heat to raise the temperature of the drying trays and the chamber walls. 
It is further assumed that the moisture evaporated from the wet material in time (di) is 
carried away by the drying air. 
Thus, 
the change in enthalpy of the crop = convective and radiant energy transferred to the 
crop - Heat supplied to evaporate the moisture from the wet material to the drying 
air - Heat lost from the crop to the chamber walls by radiation - radiation heat 
exchange from a layer of the crop bed to the adjacent layer(s). 
In addition to convective heat from the solar heated air passing through the elemental layer, 
solar energy is transferred directly to the top layer by radiation from the top and through 
the sides of the drying chamber to all other layers. As a result, the effective surface 
temperature of the wet material will rise above the wet-bulb temperature of the air and this 
will subsequently reduce the rate at which heat is drawn from the heated air, but will 
increase the rate of evaporation. The incident solar energy absorbed by an elemental layer 
at the top layer is progressively reduced by the absorptance-transmittance factor of the 
subsequent layers. Following from this assumption, the intensity of solar radiation on each 
layer, H, is approximately modelled as an exponential decaying function with its 
maximum value, Hr at the top layer and one-half its maximum halfway through the entire 
bed and is represented by 
H, = H,. exp(21n2 {Jtlf(dz) /z, - 1}) (4.71) 
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At the beginning of the time step t, the enthalpy of the material is 
App, dz(Cg + CP, Af(t)}T, (t) 
and at time t+dt, is 
A, p, dz(C., +C,, Af(t)) Tp, (t +dt) 
The difference in the enthalpy of the material is given by 
Pp (cog + Cpl M) A, dz 
a. 
Ot 
°' dt 
The amount of moisture evaporated in the time dt is equal to the change in the humidity 
ratio of the air as it passes through the elemental volume, Aodz, of the crop bed and is 
given as 
GQ APdz 
aN 
dt 
The energy required for the evaporation of moisture from the wet material in the time dt is 
La G. A, , 
OH 
dz dt 
z 
The energy required for heating the moisture evaporated from the wet material at 
temperature Ta to air temperature in time dt is 
CP, (T -Ta)G, Aodz 
ýHdt 
The energy required to raise the temperature of the mass of the drying chamber is given by 
C"m" 
aT°` 
dzdt 
at 
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The enthalpy balance on the wet material is 
t (pPAP(CPg + CP, M)+C"m") 
adtdz=aprpH, 
A,, dtdz+ h, Aý(T-TP, )dtdz 
-ppAp 
aM [Cp, (T -Tp, ) + Lt 
] dtdz-hp, Aw(Tp, - Tw)dtdz 
aTPt 
w(T-TP, ) 
49t pi, (Cps +Cd 
1At)+Cm[aPlzPý 
Q+hAPA 
G. 
aH 
[Cd(T 
-Tý)+Lt 
ý- hÄAw(Tý -Tw) 
P 
4.2.6 Energy balance on the walls of the drying chamber 
The energy balance on the walls of the drying chamber gives 
(4.72) 
(4.73) 
aS, Ar +hAw, (T-T. ) +h, 
PwAP 
(To -T) = h,. Aw, (T,, -T, )+hwA.,, (Tw -T) 
(4.74) 
It is assumed that there is no condensation in the inside of the cover of the drying chamber. 
The above equation is used to establish the temperature of the walls of the drying chamber 
as: 
, 
To, +h, 
ýT T 
+hT, +h, T a, S, +h" 
- " hw +h,, +h, +h, 
p- 
(4.75) 
4.2.7 Mass flow rate 
The pressure difference, AP, generated by the buoyancy forces in a duct of vertical height, 
H,, at a temperature, AT, above ambient is given by 
AP = Bß'P, AT H, (4.76) 
Chapter 4 Formulation of mathematical models. 
0 
I ýJ I" 
4 
141 
Vcn, Tcn 
H 
Pz, V2, Tz 
v 
o 
/ý 
.ý 
Fpa, Ta ' 
hi 
T 
s 
0 
.................... ý ......... .... 
P,, V,, T, 
1= o 
Figure 4.3: Schematic illustration of the MNCSCD for air flow rate analysis 
Each component of the dryer, as shown in fig. 4.3, contributes to the total pressure drop. 
The flow rate is determined by considering and summing the pressure differences between 
pairs of points around the system. For an incompressible, steady-state flow condition, a 
closed-loop equation of the pressure differences along the points (a), (1), (2), (3), (4) and 
(a) can be written as: 
(P, -P, )+(P, -PZ)+(Pz-PO +(P, -P, )=0 
(4.77) 
The total pressure drop across the dryer is obtained by considering the pressure drop 
components of each of the terms in equation (4.77). 
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The first term, (P, - P, ), is the total pressure drop across the air-heater. This is made up 
of the pressure required to produce the inlet velocity head (4P,, ), the pressure to overcome 
the friction contributed by the air-heater duct walls (zPfr), the pressure to overcome the 
try and APB,, respectively). 
Since the temperature abrupt entry and exit head losses (AP, 
increases along the length of the collector, for each duct the arithmetic average of inlet and 
outlet temperatures will be used to represent the mean temperature of the air in the 
collector calculations. An average velocity (Vi) will also be used. Thus, summing up the 
pressure components in the air-heater, we have: 
APL + APk + AP,,,, y + 
AP, 
The pressure drop associated with the inlet velocity head (4P,, ), is: 
I ePk, =2 pCT'e; 
where, Vet = average velocity of heated air in ith duct (m/s) 
p, = average density of heated air in the collector (kg/m3) 
(4.78) 
(4.79) 
From continuity equation, the average velocity (VV ) can be expressed in terms of the 
velocity in the plenum (VI) as: 
Yc = (Aý / Ac )(P, / P. )Yi 
Equation (4.79) then becomes: 
ýý = CýP'2 
v'z 
where A, = the cross sectional area of the air duct (m/s) 
A, = cross sectional area of the plenum (which equals the crop bed area) (m2) 
C, ,_ (Al/AC)2(Pi/Pc)" 
(4.80) 
(4.81) 
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The pressure drop due to the friction of the air-heater duct walls is given by: 
4fLG, 2 
= ýý 2P, de 
where G. =m_p, 
A, V, 
AC A, 
L= collector length ! (m) 
m= mass flow rate of air in the drying system / (kg/s) 
dh = hydraulic diameter of the duct / (m) = 4A/P 
VC= VG, + Vc 2 
f= friction factor 
P= perimeter of the air duct / (m). 
Upon substitution and simplification we obtain: 
2 
ýn - 11 
AV 
,., fc = l. fc 
2 
where CfC = 
4ý 
(p, / p2)(A, / Aj 2 dh 
f=0.079 R. -02 and 
Re = 
V°d" 
= 
thdh 2m 
ve A, PC, v, (L + s)p, v, 
The pressure drop due to the abrupt collector entry is: 
OPýý = 05 
P 2`Z 
= C""' 
PI2 
)= Cýý = 0-5 (p, /P, )(A, /A, 
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(4.82) 
(4.83) 
(4.84) 
(4.85) 
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The pressure drop due to the abrupt air-heater exit is: 
ý1-A, /A, YP. Y2 P1V2 AP«;, 
2= 
C«, 
2 
C«t =(1-A, IA, )2(PI /P, )(A1 /A2)2 
(4.86) 
The second term (PI - P2), is the pressure drop due to the resistance offered by the crop 
bed. The velocity of drying air through the crop mass is related to the pressure drop 
through it by the expression (Exell, 1980): 
(AFLd) 
V, = cý hc 
V, = the velocity of air entering and leaving the crop bed (m/s) 
cf = empirical product-dependent constant. 
(4.87) 
The third term , (P2 - P3), is the total pressure drop within the stack above the drying bed. 
This pressure drop is made up of the change in kinetic energy between the two points 
(JP, J, the pressure difference associated with the weight under gravity of the air between 
the two points (4P1 , ), the pressure drop associated with the 
frictional losses (dPfrh), the 
pressure difference associated with the changes in the stack cross sectional area (4P,, c, ) and 
the exit pressure loss term (dP, hj. Therefore: 
APce = AP, e + AP=,,,, + APfce + APcu + Ape 
(4.88) 
where APýý - 
P3V32 
_ 
P2V22 
22 
The mass flow rate of air in the stack above the crop bed is assumed constant and can be 
expressed as follows: 
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Upon substitution and simplification we obtain: 
2 
=: -P. : 
P, V, ýICC 
P3 
(A, l A, ) 
P2 
(A, l AZ) 2 
P, V. 
= Kk* 2 
The static pressure difference is given by: 
OP'. = PsgH 
where, H= overall height of the system (m) 
ps average density of air in the chimney (kg/m3) 
, b) 
is given as: The pressure difference associated with the chimney wall friction (AP& 
Apf. e 2d,, 
eh 
- 
where, Kfc6 = 
4fi, 
dhce 
P. l'. 2 
2 
H, = height of stack portion above the crop bed / (m) 
d&e = hydraulic diameter of the chimney / (m) 
-0.25 
f= friction factor = 0.079 
2m ((W 
+ B)p, u, 
The pressure loss due to the contraction of the outlet vent is given by: 
Y2 Y2 OP = 03 
P3 
=K 
P. . 
2-2 
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(4.89) 
(4.90) 
(4.91) 
(4.92) 
(4.93) 
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where Cc is the coefficient of contraction based on the vent area. 
The pressure loss due to the contraction of the stack above the crop bed is given by: 
I2x 
AP 1 P. 
V. 
_K 
PV 
cu - CC -ý 2 cu 2 
(4.94) 
The pressure difference between the outlet and the inlet levels (P3 - Pp), is the static head 
pressure difference of the ambient air between the two points: 
P, - P. =P0Hg (4.95) 
By substituting the relevant expressions into equation (4.77) we obtain the total pressure 
drop around the system as: 
P, V 
2)(! 
i) P'V': CT 
2 +hi 
ý 
+K, 
2= 
(Po -P. )H8 
PýV 2 (f-) P. V= Cr 
2 
+hc = CPo'P. )Hg' KT 2 ý 
(4.96) 
(4.97) 
Equation (4.97) contains two different velocity terms (. i. e. Vl and VS) but it has been 
shown (Colborne and Moffat, 1959) that for a chimney operating under non-isothermal 
conditions the available draft, D., is related to the inlet conditions of the chimney by the 
relation: 
D, = HgOps - 
eP, Pi2 V" 
P 
(4.98) 
By substituting the above expression for the available draft into equation (4.97) we obtain: 
2( 
Cr P, l'i + hc IV+K, 
eP' 
= HgOP. 
\, P 
(4.99) 
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Equation (4.99) is rewritten in terms of the air mass flow through the system as 
2 A2m2+h` 
m+IKT 
eP'-HgOp, 
J=O P, , CPA, \P 
where Ap: =(P0 - P. ) (kg/m3) and Ap =(P. - P, ) (kg/m3)" 
(4.100) 
4.2.8 Mean air temperature inside the chimney 
The heated air rises in the chimney and escapes from the vent. The walls of the chimney 
absorb solar radiation. There is also loss of energy from the heated air in the chimney 
through its walls to the surrounding. A steady-state heat balance on a section of the 
chimney, as illustrated in fig. 4.4, gives: 
mC, l Tb -(Th + 
ýT" 
Sy)l I- PUL (Te - T, )8y + aPH,. By =0 (4.101) 
Y 
Im_ 
J_T 
sy 
Figure 4.4: Temperatures and air mass flow in a chimney section of the MNCSCD 
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Rearranging, equation (4.101) gives a first-order differential equation in the form: 
öTh . n, n iný .n 77 %n 
ay -r- Jclcn -lAl, t t(1tir) =V 
(4.102) 
Solving equation (4.102) the mean temperature distribution within the chimney is obtained 
as: 
Te=T, + RH,. +(T. -T, -R'H,. 
)e'ý'' 
The mean air temperature within a chimney of height H, is given by: 
T_ .b" 
Th 
ich - 
ray 
(4.103) 
(4.104) 
Substituting for Th from equation (4.103) and integrating gives a mean temperature of 
R, 
Te - T+RRIHr+ +T-T. 
-Rr l1-e'XH, 
/ 
where, H. = height of the stack portion above the crop bed / (m) 
P= the perimeter of the chimney cross section! (m) 
UL = is the overall heat transfer coefficient/ (W/m2 K) 
PU, 
.- aP A%= ` and j, = mC. mCa ý 
(4.105) 
For steady-state heat transfer, the heat flowing from fluid A to the wall is equal to the heat 
flowing through the wall, which is also equal to the heat flowing from the wall to the fluid 
B. We therefore have: 
Chapter 4 Formulation of mathematical models. 
149 
h; (Th -T; )=k(T -T, ) (4.106) x 
Rewriting these equations in terms of temperatures and adding corresponding sides of the 
three resulting equations, gives: 
(Te -T; )+(Tw -T, )=ql h+kJ 
(4.107) 
Equation (4.107) can be re-written as: 
g- Uc(T. h - 7, ) 
where, 
IX -ý UL I 
h. +k 
(4.108) 
(4.109) 
The heat transfer coefficient between a hot vertical wall at a temperature Tx, and the 
surrounding fluid at temperature T,, can be evaluated from the expression (Cengel, 1998): 
I 
Nu = 0.825 + 
0.387Ra16 
(1 + [0.492/Pr] (1 + [0.492 / Pr]9/16)s1n 
= gQ(TM - 
T)83 where, Ra - Pr V= 
1 
S is characteristic length and is equal to the height of the vertical wall (m) 
Q=1 
Tf 
(4.110) 
Equation (4.110) is valid for all Raleigh numbers. All properties of air are determined at 
the film temperature Tf= (Tw, + Tm)/2. For air Pr 0.709, and therefore equation (4.110) 
simplifies to: 
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Nu = 
hk 
= 0.825 + 0.3244Ra'" }z (4.111) 
4.2.9 Finite difference formulation of the drying simulation model 
The finite difference numerical technique is used to discretise the governing equations of 
the deep-bed drying mathematical model. A first-order implicit finite difference scheme 
(in both time and space), is employed to solve the governing equations described. The 
dependent variables (Hand T) are to be evaluated at the time (t + dt). The independent 
variables (M and T. ) are evaluated as the mean value of each layer representative of a 
given time interval. The following definitions are also applied in arriving at the finite 
difference model: 
Ts+y4e:, 
r+er = 
T 
. e:. r. eº (4.112) 
Hs+yAJ. 
º+, &, _ 
2 
H=+Az. r+er + H:. t. et 
2 
OM M: 
+y2AZ. r+ar ' 
M: 
+yze:. t 
at At 
dH H:. e:. r+er - H:. #. et TZ - Az 
M=M: 
sV2As. r. At 
T=T. 
t+er + 
?:. 
ý, ý+er 
Equations (4.63), (4.67), (4.70), and (4.73) can be written as 
(4.113) 
(4.114) 
(4.115) 
(4.116) 
(4.117) 
M: 
+iiz&, r+er = MI + (Me -M-) 
8ý1z 
expý (2n + 1)2 Dý2t/z2] (4.118) 
;r.. 0 (2n + 1) 
H _Ppdz Z+ý. r+et G dt 
(M:. 
ýez. r. el - : #y, eý. ýý 
(4.119) 
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T. 
es. r. er -T . r+er 1 
[hwTvº:. 
yý, ý. er 
1º, r P, C, w(T+ya:, ý+e< - Tp: +yAt. t+At at 
ý hA 
p" 
(T 
+yAt, f+Al _Twl 
dz G. (Cp, +Co,,, 
(4.120) 
Tpt1. 
YAZ. t. & =Ta1., e1., +[ 
{aP1rjH / cosp}dt 
+ G, Ot l dz(H1+,,., -H:. r)(Lr +Ca(Tp,:., e,., _. 
hrp,, Aw 
(T_. 
... -T__)+h_dt(T 
, Ar. o +T. ` -T Aý if j4Ai .iw. "ý^ 
PL 
I(pvCva +pPCrrMi+yes. t + C"ºmºº) 
Tt e:. ý+T. 9))-h ýP ( wdt 4-T4) T 
ý-h, 
AdttT. &,, +T'`-T. 11 wI - "/. _ a. \- -MIJ ""trAnr, r- Ap 2 
(4.121) 
Additionally, the relative humidity of the drying air is evaluated from the following 
expressions: 
(0.62198 + {Hs+, ýu. t+ý +H,,, +ý, 
} 2) 
(4.122) 
P,, =Ca / DTMT+C, +Cla(DTMT)+C(DT1lfT)2 +C12(DT1L1T)' +C ln(DTMT) 
(4.123) 
where, DTMT = (T . e,.,. a +7,. )/2 
and, RH = 
P'" 
. P. 
The finite difference formulation of equations (4.64), (4.65) and (4.75) are obtained by 
replacing (M and T) by (1li and T) respectively. 
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4.2.10 Solution procedure 
To solve equations (4.118), (4.119), (4.120) and (4.121), the finite difference model, the 
values of M, H, T and T., must be initialised at each position within the bed. First the 
following initial conditions are applied: 
Ms. 
O -M'o i Hz .0= 
Hinlet s Tz. O -T nkt + 
Tpt, (z, 0) - Tp4 initial i and T pr, (0.0) = T.. 
Second, equations (4.118), (4.119), (4.120) and (4.121) are solved from the bottom 
elemental layer to the top layer of the crop bed. This then completes the initialisation 
process. The temperature of the material at the first time step is estimated as the average of 
the initial air and product temperature. 
The discretised equations are solved as an uncoupled set. After the calculation of the first 
time step is completed, the following calculations are pursued until the required solution is 
achieved: 
i) Guess the air mass flow rate, ms through the system and the chimney wall 
temperature, Tý . 
ii) Using equations (4.100) and (4.105), the air mass flow rate, m, through the system 
and the chimney wall temperature are estimated. The criterion of convergence of 
the form l ph -ms1 50.001, is used to establish convergence of the air mass flow 
rate. Subsequently, this accepted air mass flow rate is used in estimating the 
chimney wall temperature. If the absolute value of the difference between the 
calculated value of the chimney wall temperature and the guessed value is less than 
1 K, then convergence is established. Otherwise step (i) is revisited with last 
calculated values of m and T,, as the guessed values. 
iii) Progress the drying time from t to t+ dt. The value of increment in time, dt , is 
calculated using equation (4.124). 
iv) Solve equation (4.121) for temperature of the material at the current time. 
v) Solve equation (4.118) for moisture content of the material. 
vi) Solve equation (4.119) for relative humidity of the drying air. 
vii) Solve equation (4.120) for the temperature of the air. 
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viii) Increase z by dz and repeat steps (iii) through to (vii) until the top layer is reached. 
Calculate the average moisture content, M, of the entire crop bed after the time 
(t + dt). Compare the average moisture content after time (t + dt) with the desired 
moisture content, Mf. The program is then terminated subject to the conditions 
for the termination of the program (see section 4.2.11). Otherwise you go back to 
step (ii) and then follow the subsequent steps through to step (vii). 
The size of the increments dz and dt are critical since their choice will affect the stability of 
the solution procedure. Bakker-Arkema et al (1974) pointed out that if their values are too 
large, the equations will diverge from the true solution and if too small, the solution will 
require excessive computation time. To determine the expression for evaluating the time 
step the mass transfer terms in equations (4.71) and (4.72) are neglected. Furthermore, it is 
assumed that the change in temperature of the drying air is approximately equal to the 
change in the temperature of the product; then dividing equation (4.71) by (4.72) an 
approximate expression for evaluating the time step is obtained as: 
dt =dx 
(POC,, +p, CplM+C"m") cosß 
(G. C,.. +G, Cj,. H)atrsli, 
Equation 4.124 is used to evaluate the time step during the simulation run. 
(4.124) 
4.2.11 Program termination 
The drying model terminates in one of the following ways: 
(i) when a desired or specified drying time has been attained (in this 
programme the time should be less than 30 hours); and /or 
(ii) when the average moisture content in the drying bed falls below a specified 
value. 
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4.3 Technical performance criteria model 
In this model, the equations that allow for the thermodynamic assessment of the 
performance of the dryer are considered. For solar drying, three criteria have been defined 
(Brenndorfer et al, 1987): the system drying efficiency, the collector efficiency and the 
pick-up efficiency. However, to asses the effect of the inertia mass of the drying chamber 
on the performance of the system, another parameter the nocturnal moisture absorption or 
desorption index is introduced. These main performance characteristics evaluated are 
defined below. 
4.3.1 The system drying efficiency, 'Id 
This parameter is defined as the ratio of the energy required to evaporate the moisture to 
the energy supplied to the dryer. The energy supplied to the dryer is the quantified as the 
solar energy incident on energy collection surfaces of the dryer over a given time interval. 
The system drying efficiency is a measure of the overall effectiveness of the system and is 
calculated from the following mathematical formula: 
W. Lf 
l7d HrA, t 
(4.125) 
where, W. (kg) is the mass of moisture evaporated in time t, L, (J/kg) is the latent heat of 
evaporation of water from the product, Ht. (W/m2) is the insolation on the energy 
collection surfaces in a given time interval, A, (m2) is the effective energy collection area, 
and t (s) total drying time. Equation (4.125) is redefined in terms of the moisture content 
of the product as: 
n= 
Wa (M,. ab - Mr, ý)L, 
"ia H,, Act 
(4.126) 
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It evident from equation (4.126) that for a given dryer, the load will have a significant 
effect on the drying efficiency. To isolate the effect of the initial crop mass on the drying 
efficiency, its value is normalised to obtain the normalised drying efficiency defined as: 
where Wd is the mass of dry matter (i. e. bone dry matter) in the initial crop mass. Equation 
(4.127) gives an indication of the efficiency of the drying system reckoned per mass of the 
crop. 
l7dN 
Wd 
(4.127) 
4.3.2 The collector or air-heating efficiency ri, 
This is a measure of how well the energy supplied to the air-heater is transferred to the air 
flowing through it. It is defined as the ratio of the heat received by the drying air to the 
solar energy incident on the air-heater in a given time interval and is calculated from the 
equation: 
'/C I 
CP1 1 (T4Io - Ttlna)+risZCP. 2(Tf. U - T(. znN) 
H. x A, 
(4.128) 
Equation 4.128 is a definition and does not necessarily predict the performance of the air- 
heater. It must be noted that the conditions under which an air-heater operates affects the 
value of the collection efficiency significantly. The collector efficiency enables an 
assessment of the performance of the collector to be made. 
4.3.3 The pick-up efficiency rio 
This parameter is used for evaluating the actual evaporation of moisture from the 
commodity inside the dryer. It is a direct measure of how efficiently the capacity of the 
(solar) heated air is utilised to dry a commodity, i. e. drying performance. The pick-up 
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efficiency is defined as the ratio of the moisture picked up by the air in the drying chamber 
to the theoretical capacity of the air to absorb moisture. Pick-up efficiency of 30 %, as an 
average over the whole drying period, is considered to be relatively good (Brenndorfer et 
a1,1987). The pick-up efficiency can be calculated from the formula: 
_WW o- 77P , 
mt(H, ' - HJ) 
(4.129) 
where, W. (kg) is the initial mass of the commodity, W, (kg) is the mass of the commodity 
at the time t, H, ' (kg dry water/kg air) adiabatic saturation humidity of the air entering the 
drying chamber, Hj (kg dry water/kg air) is the absolute humidity of the ambient air 
(which is theoretically the same as the absolute humidity at the exit of the air-heater). The 
calculation of the pick-up efficiency necessitates the use of the psychrometric chart and or 
empirical relations to determine the adiabatic saturation humidity and the absolute 
humidity of the heated air at the inlet of drying chamber. On the psychrometric chart, the 
intercept of the ambient air vertical dry bulb temperature line and relative humidity defines 
the condition of the ambient air. Taking a horizontal line from this point to the absolute 
humidity axis enables the absolute humidity of the ambient air to be estimated. The 
saturation humidity of the heated at entry to the drying chamber is determined by following 
an adiabatic cooling line (line of constant enthalpy) to its intercept with the 100% 
saturation curve (wet-bulb temperature line). 
Alternatively, the adiabatic saturation humidity is evaluated from the following expression: 
H. =H, 
(2501 +1.8050, -4.1860) + (0, - 6*) 
' 2501- 23810' 
(4.130) 
where, 0, (° C) is the dry-bulb temperature of air entering the drying chamber, and 
0 (° C) is the wet-bulb temperature of the air entering the drying chamber. Combining 
equations (4.130) and (2.11), equation (4.129) is redefined as: 
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we ( Mý ab - M. ab)(2501- 238101*) 
rimt(B, - 01*)(1.805H, + 1) 
(4.131) 
The determination of the wet bulb-temperature of the heated air involves a try and error 
method. While equation (4.13 1) is to be used in mathematical models, equation (4.129) is 
easy to use in situations in which a physical experiment has been conducted. 
4.3.4 The nocturnal moisture absorption or desorption index N rf 
The inertia mass of the drying chamber can be considered as a day-time heat sink and a 
night time heat source. By considering the weight loss or weight gain in the commodity 
being dried between sunset and sunrise, the preceding statement can be justified or refuted. 
The nocturnal moisture absorption or desorption index is defined as the ratio of the gain or 
loss of moisture between sunset and sunrise to the moisture content value at sunset of the 
preceding day. It is calculated from the relation: 
 AM IV-f = 
Me, 
u 
where, &%f is the nocturnal moisture loss and is given by 
AM Wd (Ml, 
r- 
Ml, 
r) 
(4.132) 
(4.133) 
Md.,, and M,.,, are the moisture contents (dry basis) of the product at sunset and 
sunrise, respectively. Positive values of NN, f indicate absorption of moisture while 
negative values indicate further moisture loss. 
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CHAPTER FIVE 
EXPERIMENTAL RESULTS AND DISCUSSION 
5.0 Introduction 
In this chapter, the results from the experiments using the two physical dryers (i. e. the 
laboratory and the commercial-scale dryers) are presented and discussed under two 
sections. In section 5.1, the results of the experimental investigation of the small-scale 
laboratory dryer are presented and discussed while the results from field experiments using 
the commercial-scale dryer are presented and discussed in section 5.2. 
5.1 Laboratory experiments: results and discussion 
Laboratory experimental investigations of the small-scale dryer were conducted under no 
load (air-heater effect) and load conditions. The results and discussion are, therefore, 
presented under two subsections: subsection 5.1.1 is devoted for tests under no load; and 
subsection 5.1.2, for tests under load conditions. Though experimental results of a loaded 
dryer cannot be strictly compared with those of an unloaded dryer, nevertheless, the no- 
load tests conducted on the dryer enabled a choice to be made regarding the best 
positioning of the absorber plate of the SPDDSAH for optimal performance of the dryer. 
5.1.1 Tests under no load conditions 
Three tests (Tests 1,2 and 3) were conducted under no load conditions. In test 1, the 
movable absorber plate of the SPDDSAH was suspended at a height of 55 mm from the 
base plate and 20 mm from the cover plate making the upper (top) channel flow duct of a 
cross-sectional area approximately 0.36 times that of the lower (bottom) channel. In tests 2 
and 3, the absorber plate was suspended at heights of 36 and 17 mm respectively from the 
base plate, resulting in the upper channel duct having an area approximately 1.08 and 3.4 
times that of the bottom channel. 
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An overview of the results of the tests are presented in Tables 5.1 to 5.3. The measured, 
and the calculated parameters presented in the tables are based on a constant or steady-state 
incident irradiation of 464 W/m2 over the entire duration of the tests considered. For each 
test, the daily minimum, mean, maximum, and the standard deviation of the measured and 
calculated parameters listed below are presented: ambient air speed, temperature and 
relative humidity; the temperatures of the air-heater components (cover, absorber and base 
plates); the heated air temperature and velocity inside the heater, the air drying temperature 
inside the plenum; the air temperature in the drying chamber and the chimney; the relative 
air heating index; and the air-heater energy collection efficiency. A comparison of the 
overall performance of the dryer under no load conditions for the three tests is also 
provided in Table 5.4. Typical performance characteristics of the dryer under no load 
conditions, for three selected days, are illustrated in figs. 5.1 to 5.8. These graphs have 
been drawn for three representative experimental runs, one for each test, for the days 
during which each of the three experimental runs was conducted over the same length of 
time. The results for the other days follow the same trend. 
As can be seen from Tables 5.1-5.3, the wind speeds recorded in the laboratory were 
extremely low; their values did not change appreciably with time. An average value of 
0.01 m/s was consistently recorded, over the period of the tests, with a peak value of 
0.02 m/s noted in all the tests (Table 5.4). A desirable implication of the lower prevailing 
wind speeds is the expected lower convective heat losses from the cover materials of the 
air-heater. 
The diurnal variation in the ambient air temperature with time is shown in fig. 5.1. In 
test 1, an average ambient air temperature of 23.1° C was recorded under the laboratory 
conditions with the values ranging from 22 to 24.4° C. In test 2, average ambient air 
temperatures ranging from 24.4 to 28.7° C were recorded with a mean value of 27.3° C. A 
mean ambient air temperature of 26.9° C was observed in Test 3, against the minimum and 
maximum values of 23.1 and 29.2° C, respectively. Figure 5.2 demonstrates the variation 
of the ambient air relative humidity over the test period for the selected days. As depicted 
in fig. 5.2, comparatively higher ambient air relative humidity values were recorded during 
test 3. More precisely, their values ranged between 31.4 and 39.5% for test 1; 35.8 and 
47.9% for test 2; and 35.1 and 56.6% for test 3, over the entire duration of the tests. The 
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mean ambient air relative humidity values recorded during tests 1,2, and 3 were 36.7,42.5 
and 44.5%, respectively. The daily variations in the ambient air temperature and relative 
humidity over the test periods were generally small (Tables 5.1 to 5.3). Roughly, the 
prevailing laboratory ambient conditions in all the tests did not differ from their respective 
mean values by more than 1.96 of the corresponding standard deviation, with exception of 
test 3 in which the maximum relative humidity value differed from the mean by about 2.33 
standard deviations (see Table 5.4). Following from these results, it can be concluded that 
the above laboratory experiments were conducted under a more controlled conditions 
compared to the fluctuations of the weather conditions outside. These observations 
coupled with the fact that the thermal capacitance of air is small confirm that transient 
analysis in the theoretical model formulated would not be essential. 
The performance of a solar air-heater depends on the magnitude of the heat losses from the 
heater surfaces which is in turn dependent on the temperatures of the surface components. 
For instance, the principal heat loss, the cover heat loss, q,,, may be quantified as: 
qr, = QEs (T` -T') + hý(T - T, ) (5.1) 
From equation (5.1) it is clear that if there is a reduction in the cover temperature there will 
be a corresponding reduction in the cover heat loss. Changes in the component 
temperatures of the air-heater can produce significant effects on its performance. Figure 
5.3 illustrates the variation in the temperatures of the components of the air-heater for the 
selected typical runs. It can be seen from fig. 5.3, that the peak temperature difference for 
each of the components was less than 8° C. A similar trend of results was obtained on the 
other days (see Tables 5.1-5.3). For example in test 1, the average hourly values of the 
measured temperatures of the air-heater components over the test period, as can be seen in 
Table 5.4, were: mean absorber plate temperature, 55.8° C; mean cover plate temperature, 
46.5°C; and mean base plate temperature, 27.2° C. Mean absorber plate temperature of 54° 
C was recorded in test 2, and the corresponding cover and base plate temperatures were 
45.3° C and 29° C, respectively. In test 3, the average hourly values measured were: mean 
absorber plate temperature, 52.7° C; mean cover plate temperature, 44.3° C; and mean base 
plate temperature 33.0° C (Table 5.4). A comparison of the results show that, for a double 
duct air-heater of fixed overall width and depth, a decrease in the bottom channel depth in 
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relation to the top channel depth leads to a reduction in the cover plate temperature and a 
significant increase in bottom plate temperature with a corresponding drop in the absorber 
plate temperature. There is, in effect, a re-distribution of the available energy incident on 
the air-heater. A daily mean rise in the bottom plate temperature of 6.1'C over the ambient 
was noted in test 3 (Table 5.4 and Fig. 5.3), compared to the increments of 4.1 and 1.7° C 
realised in tests 1 and 2, respectively. The relative magnitude of the cover plate 
temperatures suggest that, the air-heater cover heat losses in test 3 would be lower than the 
losses experienced in test 2 which will in turn be lower than the heat losses in test 1. It is 
implicative from the results that increasing the temperature of the base plate with a 
corresponding reduction in the cover plate temperature might result in an improvement of 
the performance of the air-heater. It can be theorised from the above in support of previous 
experimental investigation on porous absorbers that a way of possibly further increasing 
the energy absorption capacity of the base plate with an attendant reduction in the absorber 
plate temperature of an SPDDSAH, is to consider replacing the conventional non-porous 
absorber plate with a blackened wire-screen of about 50% hole area; this way about half of 
the radiation would pass through the wire-screen and be absorbed at the lower surface of 
the bottom channel. 
The variation in the drying air temperatures with time at the outlets from both the upper 
and lower channels of the air-heater, T.., and Tf. 2, respectively, are shown in fig. 5.4. 
Figure 5.4 shows that in test 1, there is significant rise in the drying air temperature at the 
outlet of the upper channel of between 25.2 and 26.10 C above that of the ambient, while 
the temperature elevations for the drying air in the bottom channel were remarkably 
minimal and in the range of 1.4 to 1.7° C. In test 2, the temperature elevation of the air in 
the upper channel ranged from 8.5 to 12.3° C, with a significant bottom channel 
temperature rise ranging between 5 and 6° C. The temperature elevations of the heated air 
in the upper channel recorded in test 3, was between 7 and 7.5° C and in the lower channel 
between 11.5 and 11.90 C. These results suggest that, for a given overall flow duct depth, 
as the channel flow area of any channel decreases relative to the other channel there is an 
increase in the temperature of air flowing through that channel. However, as can be seen 
from fig. 5.4, when the upper channel is made narrower relative to the lower channel, as in 
test 1, there is a significant increase in the temperature of drying air exiting that channel 
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compared with a similar situation in which the lower channel was made more narrower, as 
in test 3. The above general observation can be explained as follows: a decrease in the 
depth of a particular channel causes an increase in the resistance to the flow of air resulting 
in higher temperature of the air flowing through that channel. When the upper channel is 
made narrower compared to the situation in which the bottom channel is made narrower, 
the air stream in the top channel flows between two plates at relatively higher temperatures 
thus the convective heat transfer in the top channel is better than the other situation in 
which the air stream passing through the bottom channel contact plates at relatively lower 
temperatures. 
A qualitative evaluation of the performance of an air-heater can be made by examining the 
mean temperature of the heated air at its outlet. For such purpose, the mean temperature of 
the heated-air in the base of the drying chamber (i. e. in the plenum) was measured. The 
mean plenum air temperature elevations (above the ambient air) recorded during the tests 
were 4.1,5.4 and 10.8° C in tests 1,2 and 3, respectively. The mean plenum air 
temperatures recorded in tests 1,2, and 3 were, respectively, 27.1° C, 32.3° C and 37.4° C. 
These results of the drying air temperatures inside the plenum (fig. 5.4 and Table 5.4) 
showed that the performance of the air-heater was best when the suspended absorber plate 
was placed as near as possible to the bottom plate of the collector, i. e. to obtain an upper 
channel of larger airflow area compared to bottom flow duct. The effect of the reduced 
overall cover heat loss from the air-heater coupled with better convective and radiative heat 
exchanges between the air mass and the air-heater components could account for this 
observation. 
The relative humidity of the drying air at the outlet of the air-heater was not measured 
because of limited access, instead its values were taken at the outlet of the chimney. 
Figure 5.2 shows a diurnal variation in the heated air relative humidity at the outlet of the 
chimney. As can be seen from fig. 5.2, the relative magnitude of the reduction in the 
ambient relative humidity was more significant in test 3 compared to tests 1 and 2. A 
decrease in the mean air relative humidity of the order of 6.3% (below the mean ambient 
value) was obtained in test 3 compared to the values 3.2 and 4.7% recorded in tests 1 and 
2, respectively (see Tables 5.1-5.3). A similar trend of results were recorded on the other 
days (Table 5.1-5.3). 
Chapter 5 Experimental results and discussion. 
163 
The diurnal variations in the drying air flow rates at the outlets (upper and lower channels) 
of the air-heater are illustrated in fig. 5.5. Figure 5.5 shows that, when the top channel 
depth is made greater than the bottom channel, the air flow rate from the upper channel is 
higher than that from lower channel; the reverse phenomenon occurs when the bottom 
channel depth is made greater than the top channel depth. The mean hourly air flow rates 
recorded over the entire test period at the outlet of the upper channel in tests 1,2, and 3 
were: 0.18,0.29 and 0.46 m/s, respectively; whereas values of 0.48,0.29, and 0.13 m/s 
were obtained in the bottom channel for tests 1,2, and 3, respectively (Table 5.4). As 
expected, the air mass flow rates and temperatures of the heated air at the heater outlet vary 
in inverse proportion (see Tabless 5.1 to 5.4). 
The temperature profile along the axis of the drying chamber was obtained by measuring 
heated air temperature inside it at the middle and the top sections. Figure 5.6 shows the 
diurnal variation in the temperature profile measured at locations 180 mm and 220 mm 
inside the drying chamber from the base of the chamber. It is clear from fig. 5.6 that, the 
drying air temperature inside the drying chamber increases with increasing distance from 
the base of the drying chamber. In test 1, the mean temperature of the air inside the drying 
chamber was 36.4° C, with the values ranging between 34.8° C and 37.5° C, respectively. 
In test 2, the mean air temperature experienced inside the drying chamber was 37.1° C but a 
higher value of 40.2° C was recorded in test 3. The minimum and maximum drying air 
temperatures obtained inside the drying chamber were: 34.8 and 38.5° C, in test 2; and 38.6 
and 41.5° C, in test 3. As can be observed in figs. 5.4 and 5.6, the chamber temperatures 
were generally higher than the plenum air temperatures. For instance, in test 1 the mean air 
temperature observed inside the drying chamber over the duration of the test was 8.9° C 
above the average temperature of air inside the plenum. In tests 2 and 3, drying air 
temperatures recorded inside the drying chamber were above the plenum air temperatures 
by 5.3 and 2.9° C, respectively. This behaviour, generally, arises because as the air 
progresses through the chamber it absorbs further energy from radiant energy incident on 
the transparent chamber thus increasing its temperature over that in the plenum. 
Typical diurnal variations in the air temperatures measured at the lower and the middle 
section inside the chimney under no-load conditions are illustrated in fig. 5.7. It is seen 
that higher chimney air temperatures were recorded in test 3 compared to tests 1 and 2. For 
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instance in test 3, typical values of peak chimney air temperatures were between 31.3 and 
36.6° C compared with ambient temperatures ranging from 23.1 to 29.2° C (Table 5.3). 
Corresponding peak temperature elevations above the ambient air temperatures were 
between 9.6 and 10.7° C, approximately. However, no significant temperature rise was 
recorded across the chimney in each of the tests; the curves for the temperatures recorded 
in the middle and lower portions of the chimney nearly coincided for all the tests. 
Temperature differences of less than 1° C were recorded in all the tests (Tables 5.1 to 5.3). 
A comparison between the air temperatures recorded inside the drying chamber and the 
chimney (figs. 5.6 and 5.7) shows that the chimney temperatures were consistently lower 
than the chamber temperatures because of higher heat losses from the chimney. For drying 
purposes, this is desirable since the moisture absorbed by the air during the drying will 
lower the chamber air temperature. Mean temperature differences between the chamber 
and chimney of the order 0.2,0.2 and 5.70 C were recorded in tests 1,2 and 3, respectively. 
The results possibly suggest that the solar chimney does not possibly collect substantial 
radiant energy compared to the drying chamber and therefore no appreciable heating of the 
air column takes place within the chimney. Hence, as the air progresses through the 
chimney its temperature is not further increased, rather the air loses energy to its 
surroundings through friction. Since radiant energy is transmitted through the walls of the 
chimney; the inclusion of additional absorbing surfaces within the transparent chimney 
may further improve the performance of the solar chimney. This way the convective and 
the radiative heat exchange between the air and the absorbing surfaces inside the chimney 
will be further enhanced and thereby increasing the chimney air temperatures. The chimney 
air temperature elevation above ambient air temperature can be used as an index for 
evaluating the performance of the solar chimney in enhancing the air mass flow rate 
through the system. The mean chimney temperature elevation above the ambient recorded 
during the tests were 12.8,10.5 and 8.0° C in tests 1,2 and 3, respectively. This 
observation, explains the relatively higher air mass flow rates of 0.0174 kg/s recorded at 
the outlet of the air-heater in test 1, compared to the values of 0.0126 and 0.0155 kg/s 
obtained during tests 2 and 3. 
The overall performance of three configurations of the air-heater was assessed from the 
energy collection efficiency values calculated using equation (4.128) on the basis of the 
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ratio of energy absorbed by the drying as it flows through the air-heater to amount of 
radiation incident on the absorber surface over a period of time. Figure 5.8 shows the 
typical diurnal variations in the cumulative energy collection efficiencies of the air as it 
progresses through the air-heater. The calculated efficiency values were in the range of 
40.5-54% with an average value 48.3% for test 1 compared with values in the range of 
51.1-67.9% with an average of 63.5% for test 2 (Tables 5.1 and 5.2). In test 3, the 
efficiency values ranged between 69.2 and 73.1% with an average value of 71%. The 
values of the collector efficiency obtained in test 3 compare very well with the 
instantaneous optimum efficiency, j7,, ., of an air-heater which 
is given by the product of 
the effective transmissivity of the cover plate(s) and the absorptance of the absorber plate. 
The value of the mean energy collection efficiency obtained in test 3 compares very well 
with the optimum value of 82% for the air-heater obtained from theoretical considerations 
using equation (2.127). This supports an earlier inference from the low wind speeds 
recorded that, convective heat loss from the cover materials of the air-heater was expected 
to be minimal. In comparison with the optimum expected efficiency of the air-heater for 
the material used, the relatively higher values of the air-heater energy collection efficiency 
values of 40.5-73.1% recorded for the three configuration of the SPDDSAH illustrates the 
effectiveness of the air-heater employed in this study and the choice for a SPDDSAH in 
preference to SPRDAH or SPFDAH. 
Generally, the results indicate that as a result of the incident energy gains through the walls 
and the structural members inside the drying chamber, the drying air gets heated up as it 
flows through it. The mean temperature of the air inside the chimney, under no load 
conditions, remained almost the same throughout the system. The most important 
conclusion that can be drawn from Tables 5.1-5.4 and figs. 5.1 through 5.8 is that, it would 
be desirable to design a SPDDSAH making the airflow passages of the bottom channel 
with smaller cross-sectional area than that of the upper channel. This geometry increases 
the heat collection capacity of the air stream as it flows through the heater; it also results in 
a significant drop in the relative humidity of the heated air compared to the other options. 
The above experimental results pinpoints the superiority of using a SPDDSAH type with 
air flow ducts of narrower lower channel and wider top channel. 
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Table 5.1: Overview of daily results for laboratory test 1 (No load test with absorber- 
plate of air-heater located at 55 mm from the base plate) 
Measured and calculated performance parameters 
Duration of test (h) 
Minimum ambient air velocity (m/s) 
Mean ambient air velocity (m/s) 
Maximum ambient air velocity (m/s) 
Min. ambient air relative humidity (%) 
Mean ambient air relative humidity (%) 
Max. ambient air relative humidity (%) 
Ambient air relative humidity (Std. ) (%) 
Minimum ambient air temperature (° C) 
Mean ambient air temperature C C) 
Maximum ambient air temperature (° C) 
Ambient air temperature (Std. ) (° C) 
Minimum glazing temperature (° C) 
Mean glazing temperature (0 C) 
Maximum glazing temperature (° C) 
Glazing temperature (Std. ) (° C) 
Minimum absorber plate temperature (° C) 
Mean absorber plate temperature (° C) 
Maximum absorber plate temperature C) 
Absorber plate temperature (Std. ) (° C) 
Minimum bottom plate temperature (0 C) 
Mean bottom plate temperature (° C) 
Maximum bottom plate temperature (° C) 
Bottom plate temperature (Std. ) (° C) (0 C) 
Minimum heated air temperature (Upper) C) 
Mean heated air temperature, Upper (0 C) 
Maximum heated air temperature, Upper C) 
Heated air temperature (Std. ) (° C) 
Minimum heated air flow velocity (Upper) C) 
Mean heated air flow velocity (Upper) (° C) 
Maximum heated air flow velocity (Upper) (° C) 
Heated air flow velocity (Std. Upper) (° C) 
Minimum heated air temperature (Lower) (° C) 
Mean heated air temperature (Lower) (° C) 
Maximum heated air temp. (Lower) (° C) 
Heated air temp. (Std) (Lower) (0 C) 
Minimum heated air flow velocity (Lower) (m/s) 
Mean heated air flow velocity (Lower) (m/s) 
Maximum heated air flow velocity (Lower) (m/s) 
Heated air flow velocity (Std. Lower) (m/s) 
Min. average heated air temp. (Overall) (° C) 
Mean-Ave. heated air temp. (Overall) (° C) 
Max. -average heated air temperature (0) C C) 
Average heated air temperature (Std. ) (° C) 
Minimum chimney air temperature (° C) 
Mean chimney air temperature (° C) 
Maximum chimney air temperature C) 
Chimney air temperature (Std) (° C) 
TEST 1 
DAY I DAY 2 DAY 3 
6 
0.01 
0.01 
0.02 
37.10 
38.30 
39.20 
0.704 
21.9 
23.1 
24.3 
0.75 
44.95 
46.75 
47.87 
0.95 
54.43 
56.08 
57 
0.87 
26.20 
27.45 
28.61 
0.76 
45.2 
46.10 
47.1 
0.90 
0.16 
0.18 
0.2 
0.016 
23.66 
24.9 
26.04 
0.81 
0.48 
0.56 
0.65 
0.06 
25.8 
27.48 
28.9 
0.93 
34.75 
36.17 
37.5 
5 
0.01 
0.01 
0.02 
31.40 
33.0 
34.00 
1.06 
22 
22.4 
22.8 
0.31 
44.28 
45.46 
45.95 
0.66 
53.38 
54.93 
55.58 
0.84 
25.18 
26.15 
26.72 
0.58 
47.7 
48.11 
48.63 
0.43 
0.18 
0.18 
0.2 
0.015 
23 
23.39 
23.87 
0.40 
0.50 
0.54 
0.55 
0.02 
24.6 
25.92 
26.5 
0.72 
33.25 
34.55 
35 
7 
0.01 
0.01 
0.02 
37.2 
38.20 
39.5 
0.665 
22 
23.4 
24.4 
0.79 
44.95 
46.92 
47.91 
0.97 
54.45 
56.24 
57.1 
0.87 
25.79 
27.65 
28.7 
0.96 
47.35 
49.31 
50.5 
0.98 
0.16 
0.17 
0.18 
0.009 
23.66 
25.08 
26.14 
0.87 
0.48 
0.56 
0.65 
0.06 
25.8 
27.7 
29 
1.01 
34.75 
36.36 
37.5 
0.75 0.68 1.00 
ý 
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Table 5.1: continued. 
Measured and calculated performance parameters 
Min. air relative humidity at chimney outlet (%) 
Mean air relative humidity at chimney outlet (%) 
Max. air relative humidity at chimney outlet (%) 
Minimum relative heating index (Upper) 
Mean relative heating index(Upper) 
Maximum relative heating index(Upper) 
Relative heating air index (Std) 
Min. relative heating index (Lower) 
Mean relative heating index(Lower) 
Max. relative heating index (Lower) 
Relative heating air index (Std) 
Minimum-average relative heating index 
Mean-average relative heating index 
Maximum-average relative heating index 
Relative heating index (Std. ) 
Minimum air temp. inside drying chamber (° C) 
Mean air temp. inside drying chamber (° C) 
Maximum air temp. inside drying chamber (° C) 
Average air temp. in drying chamber (Std. ) C) 
Minimum exit air temperature (° C) 
Mean exit air temperature (° C) 
Maximum exit air temperature (° C) 
Exit air temperature (Std. ) (0 C] 
Minimum air mass flow rate (kg/s) 
Mean air mass flow rate (kg/s) 
Maximum air mass flow rate (kg/s) 
Air mass flow rate (kg/s) 
Minimum drying air temp. rise (Upper) (° C) 
Mean drying air temperature rise (Upper) (° C) 
Maximum drying air temp. rise (Upper) (0 C) 
Drying air temperature rise (Std. Upper) C) 
Min. drying air temperature rise (Lower) (° C) 
Mean drying air temperature rise (Lower) (0 C) 
Maximum drying air temp. rise (Lower) (0 C) 
Drying air temp. rise (Std. Lower) (° C) 
Minimum collector efficiency. (Overall) (%) 
Mean collector efficiency(Overall) (%) 
Maximum collector efficiency (Overall) (%) 
Collector efficiency (Std. (%) 
DAY 1 DAY 2 DAY 3 
34.6 30.1 34.6 
34.95 30.42 34.99 
38.40 33 39.4 
0.396 0.40 0.395 
0.406 0.403 0.407 
0.41 0.407 0.412 
0.005 0.004 0.005 
0.023 0.009 0.021 
0.025 0.014 0.026 
0.027 0.017 0.027 
0.002 0.003 0.002 
0.210 0.204 0.208 
0.216 0.209 0.216 
0.218 0.212 0.219 
0.003 0.003 0.003 
34.8 33.6 34.8 
36.38 34.78 36.56 
37.5 35.3 37.6 
0.90 0.66 0.94 
25.90 25.3 25.90 
26.98 26.68 27.4 
27.80 29.70 27.80 
0.65 1.61 0.62 
0.0159 0.0165 0.0160 
0.0164 0.0179 0.0184 
0.021 0.0184 0.0207 
0.0018 0.0072 0.0016 
25.15 25.29 25.05 
25.80 25.61 25.85 
26.05 25.83 26.15 
0.32 0.23 0.35 
1.4 0.6 1.36 
1.6 0.89 1.62 
1.74 1.07 1.74 
0.12 0.199 0.122 
40.51 37.12 41.11 
48.31 40.63 47.34 
53.95 45.71 50.52 
5.35 3.13 3.53 
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Table 5.2: Overview of daily results for laboratory test 2 (No load test with absorber 
plate of air-heater located at 36 mm from the base plate) 
Measured and calculated performance parameters 
Duration of test (hours) 
Minimum ambient air speed (m/s) 
Mean ambient air speed (m/s) 
Maximum ambient air speed (m/s) 
Min. ambient air relative. humidity (%) 
(%) Mean ambient air relative. humidity 
Max. ambient air relative. humidity (%) 
Ambient air relative. humidity(Std. ) 
Min. ambient air temperature (° C) 
Mean ambient air temperature (0 C) 
Max. ambient air temperature (° C) 
Ambient air temperature (Std. ) (° C) 
Min. glazing temperature (0 C) 
Mean glazing temperature C) 
Max. glazing temperature C) 
Glazing temperature (Std. ) (° C) 
Min. absorber plate temp. (° C) 
Mean absorber plate temp. (° C) 
Max. absorber plate temp. (° C) 
Absorber plate temp. (Std. ) (° C) 
Min. bottom plate temp. (0 C) 
Mean bottom plate temp. C) 
Max. bottom plate temp. C) 
Bottom plate temp. (Std) C) 
Min. heated air temp. (Upper) (° C) 
Mean heated air temp. (Upper) (° C) 
Max. heated air temp. (Upper) (° C) 
Heated air temperature (Std. ) (° C) 
Min. heated air flow velocity(Upper) C) 
Mean heated airflow velocity (Upper) (° C) 
Max. heated air flow velocity (Upper) (° C) 
Heated air flow velocity (Std. Upper) (° C) 
Min. heated air temp. (Lower) (° C) 
Mean heated air temp. (Lower) (° C) 
Max. heated air temp. (Lower) C) 
Heated air temp. (Std. (Lower) C) 
Min. heated air flow velocity (Lower) (° C) 
Mean heated airflow velocity(Lower) (° C) 
Max. heated airflow velocity (Lower) (° C) 
Heated air flow velocity (Std. Lower) (° C) 
Min. Ave. heated air temp. (Overall) (° C) 
Mean-Ave. heated air temp. (Overall) (° C) 
Max: average heated air temperature, (0) 
Average heated air temp. (Std. ) (° C) 
Min. chimney air temp. (° C) 
Mean chimney air temp. (° C) 
Max. chimney air temp. (° C) 
Chimney air temp. (Std) (° C) 
TEST 2 
DAYI DAY2 DAY3 
677 
0.01 0.01 0.01 
0.01 0.01 0.011 
0.02 0.02 0.02 
35.8 45 37.5 
40.5 45.78 41.08 
47.9 45.8 45 
3.83 0.506 2.68 
24.4 24.5 24.1 
27.09 27.14 26.98 
28.3 28.2 27.7 
1.03 0.63 0.50 
39.15 44.45 44.23 
44.82 45.87 44.99 
46.98 46.67 45.99 
2.59 0.69 0.66 
52 53.00 51.58 
54.5 54.54 52.97 
55.46 55.21 54.40 
1.21 0.70 1.07 
27.1 28.32 27.89 
28.96 29.67 28.44 
30.0 30.44 29.43 
0.95 0.66 0.56 
34 37.67 36.65 
38.87 38.43 37.44 
40.35 38.87 38.16 
2.19 0.45 0.53 
0.27 0.28 0.3 
0.28 0.29 0.31 
0.29 0.31 0.32 
0.006 0.01 0.006 
30.5 32.71 32.6 
33.17 33.65 33.03 
34.29 34.4 33.51 
1.26 0.48 0.31 
0.29 0.30 0.33 
0.30 0.31 0.33 
0.31 0.32 0.34 
0.007 0.008 0.005 
30 31.5 31.2 
31.87 32.94 31.99 
33 33.5 33 
1.07 0.61 0.56 
35.75 35.5 35.75 
37.43 37.54 37.39 
38.75 38.75 38.7 
0.99 1.00 0.92 
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Table 5.2: continued. 
Measured and calculated ormance meters 
Min. air relative humidity at chimney outlet (%) 
Mean air relative humidity at chimney outlet (%) 
Max. air relative humidity at chimney outlet (%) 
Min. relative heating index (Upper) 
Mean relative heating index(Upper) 
Max. relative heating index(Upper) 
Relative heating air index (Std) 
Min. relative heating index (Lower) 
Mean relative heating index(Lower) 
Max. relative heating index (Lower) 
Relative heating air index (Std) 
Min: average relative heating index 
Mean-average relative heating index 
Max. -average relative heating index 
Relative heating index (Std. ) 
Minimum air mass flow rate (kg/s) 
Mean air mass flow rate (kg/s) 
Maximum air mass flow rate (kg/s) 
Air mass flow rate (std) 
Min. air temp. inside drying chamber C) 
Mean air temp. inside drying chamber 
Max. air temp. inside drying chamber C) 
Average air temp. in drying chamber (Std. ) 
Min. exit air temperature (° C) 
Mean exit air temperature (° C) 
Max. exit air temperature (° C) 
Exit air temperature (Std. ) (° C) 
Min. drying air temperature rise (Upper) (° C) 
Mean drying air temperature rise (Upper) (° C) 
Max. drying air temperature rise (Upper) (° C) 
Drying air temperature rise (Std Upper) (° C) 
Min. drying air temperature (Lower) (° C) 
Mean drying air temperature rise (Lower) (° C) 
Max. drying air temperature rise (Lower) (° C) 
Drying air temp. rise (Std Lower) (° C) 
Min. collector efficiency (Overall) (%) 
Mean collector efficiency (Overall) (%) 
Max. collector efficiency (Overall) (%) 
Collector efficiency (Std. ) (%) 
DAY 1 
32.8 
35.83 
47.9 
0.134 
0.179 
0.193 
0.020 
0.070 
0.089 
0.095 
0.011 
0.106 
0.135 
0.149 
0.013 
0.0111 
0.0123 
0.0136 
0.0002 
34.8 
37.08 
38.5 
1.22 
31.5 
33.1 
35.4 
1.41 
8.5 
11.34 
12.25 
1.28 
5.0 
5.63 
6.01 
0.38 
51.13 
63.50 
67.91 
5.73 
TEST 2 
DAY 2 DAY 3 
36 32.8 
38.86 36.37 
47.7 42 
0.165 0.163 
0.172 0.165 
0.177 0.168 
0.004 0.001 
0.085 0.092 
0.097 0.096 
0.101 0.102 
0.006 0.003 
0.125 0.128 
0.134 0.131 
0.140 0.134 
0.005 0.002 
0.0112 0.0123 
0.0126 0.0126 
0.0128 0.0129 
0.0003 0.0002 
36 36 
39.28 38.76 
41 41 
1.63 1.77 
30.9 30.7 
31.68 31.47 
32.9 32.8 
0.85 0.77 
10.5 10.38 
10.92 1051 
11.27 10.66 
0.23 0.09 
5.4 5.81 
6.13 6.10 
6.61 6.5 
0.40 0.21 
63.76 67.02 
66.06 68.88 
70.48 70.99 
2.19 1.17 
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Table 5.3: Overview of daily results for laboratory test 3 (No load test with absorber 
plate of air-heater located at 17 mm from the base plate) 
Measured and calculated performance parameters 
Duration of test (h) 
Minimum air flow velocity Ws) 
Mean air flow velocity (m/s) 
Maximum air flow velocity (m/s) 
Min. ambient air relative humidity (%) 
Mean ambient air relative humidity (%) 
Max. ambient air relative humidity (%) 
Ambient air relative humidity(Std. ) (%) 
Min. ambient air temperature (° C) 
Mean ambient air temperature (0 C) 
Max. ambient air temperature (° C) 
Ambient air temperature (Std. ) C C) 
Min. glazing temperature (° C) 
Mean glazing temperature C) 
Max. glazing temperature C) 
Glazing temperature (Std. ) (° C) 
Min. absorber plate temperature (° C) 
Mean absorber plate temperature (° C) 
Max. absorber plate temperature (° C) 
Absorber plate temperature (Std. ) (° C) 
Min. bottom plate temperature i C) 
Mean bottom plate temperature (° C) 
Max. bottom plate temperature (0 C) 
Bottom plate temperature (Std. ) (° C) 
Min. heated air temperature (Upper) (° C) 
Mean heated air temperature (Upper) (° C) 
Max. heated air temp . (Upper) (° C) Heated air temperature (Std. ) (° C) 
Min. heated air flow velocity (Upper) (m/s) 
Mean heated air flow velocity (Upper) (m/s) 
Max. heated air flow velocity (Upper) (m/s) 
Heated air flow velocity (Std., Upper) (m/s) 
Min. heated air temperature (Lower) (° C) 
Mean heated air temperature (Lower) C) 
Max. heated air temperature (Lower) C) 
Heated air temperature (Std., Lower) C C) 
Min. heated air flow velocity (Lower) (mis) 
Mean heated air flow velocity (Lower) (m/s) 
Max. heated air flow velocity (Lower) (m/s) 
Heated air flow velocity (Std., (Lower) (m/s) 
Min. average heated air temp. (Overall) (° C) 
Mean-Ave. heated air temp. (Overall) (° C) 
Max: average heated air temp. (Overall) (° C) 
Average heated air temperature (Std. ) (° C) 
Min. chimney air temperature(° C) 
Mean chimney air temperature{' C) 
Max. chimney air temperature(° C) 
Chimney air temperature (Std) (° 0 
TEST 3 
DAY 2 DAY 3 DAY 4 DAY 1 
6 
0.01 
0.01 
0.02 
43.2 
45.3 
51.2 
2.61 
25 
26.86 
28.3 
0.90 
43.4 
45.3 
46.8 
1.11 
50.8 
52.55 
54.0 
1.02 
31.5 
33.08 
34.2 
0.88 
33Z 
34.47 
35.8 
0.84 
0.4 
0.42 
0.44 
0.014 
37.2 
38.87 
40 
0.90 
0.14 
0.15 
0.16 
0.01 
35.4 
37.1 
38.5 
1.00 
33.3 
34.55 
35.6 
0.71 
77 
0.01 0.01 
0.01 0.01 
0.01 0.02 
38.1 35.1 
45.1 37.6 
54 " 41.9 
4.87 2.13 
25 25.6 
27.24 27.2 
29.2 28 
1.23 0.68 
43.5 42.6 
45.13 44.43 
46.7 45.3 
0.95 0.91 
52.2 51.5 
53.77 53.31 
55.3 54.2 
0.87 0.87 
32.7 30.8 
33.88 33.51 
34.8 34.4 
0.62 1.20 
32.8 333 
34.27 33.64 
35.6 34.3 
0.85 0.43 
038 0.45 
0.47 0.48 
0.5 0.50 
0.04 0.02 
37.1 34.3 
38.37 37.86 
39.4 39 
0.68 1.52 
0.13 0.15 
0.17 0.18 
0.20 0.20 
0.02 0.02 
37.5 37.2 
38.5 37.99 
39.6 38.6 
0.64 0.54 
34.9 33.8 
35.73 34.83 
36.6 35.2 
0.53 0.44 
5 
0.01 
0.01 
0.02 
45.5 
50.1 
56.6 
4.20 
23.1 
24.5 
25.8 
0.83 
40.6 
41.94 
42.8 
0.80 
49.6 
50.7 
51.4 
0.63 
30 
30.74 
31.3 
0.48 
30 
31.1 
32 
0.73 
0.45 
0.47 
0.5 
0.02 
34.2 
35.16 
35.8 
0.57 
0.15 
0.17 
0.18 
0.02 
34 
35.18 
35.8 
0.69 
31.3 
32.48 
33.3 
0.74 
Chapter 5 Experimental results and discussion. 
171 
Table 5.3: continued 
Measured and calculated performance parameters 
Min. air relative humidity at chimney outlet (%) 
Mean air relative humidity at chimney outlet (%) 
Max. air relative humidity at chimney outlet (%) 
Min. relative heating index (Upper) 
Mean relative heating index (Upper) 
Max. relative heating index (Upper) 
Relative heating air index (Std) 
Min. relative heating index (Lower) 
Mean relative heating index (Lower) 
Max. relative heating index (Lower) 
Relative heating air index (Std) 
Min: average relative heating index 
Mean-average relative heating index 
Max: average relative heating index 
Relative heating index (Std. ) 
Minimum air mass flow rate (kg/s) 
Mean air mass flow rate (kg/s) 
Maximum air mass flow rate (kg/s) 
Air mass flow rate (std) (kg/s) 
Min. air temp. inside drying chamber(° C) 
Mean air temp. inside drying chamber(° C) 
Max. air temp. inside drying chamber(° C) 
Average air temp. in drying chamber (Std. ) (° C) 
Min. exit air temperature(* C) 
Mean exit air temperature(° C) 
Max. exit air temperature(° C) 
Exit air temperature (Std) (° C) 
Min. drying air temperature rise (Upper) CC) 
Mean drying air temperature rise (Upper) (° C) 
Max. drying air temperature rise (Upper) (° C) 
Drying air temperature rise (Std., Upper) (° C) 
Min. drying air temperature (Lower) (° C) 
Mean drying air temperature rise (Lower) C) 
Max. drying air temperature rise (Lower) C) 
Drying air temperature rise (Std., Lower) (0 C) 
Min. collector efficiency (Overall) (%) 
Mean collector efficiency (Overall) (%) 
Max. collector efficiency (Overall) (%) 
Collector efficiency (Std. ') (%') 
DAY 1 
37.80 
39.81 
51.20 
0.11 
0.11 
0.12 
0.004 
0.181 
0.184 
0.187 
0.002 
0.146 
0.149 
0.153 
0.002 
0.0135 
0.0139 
0.0141 
0.0004 
38.6 
40.18 
41.5 
0.95 
29.5 
30.37 
31.1 
0.52 
7 
7.3 
7.5 
0.24 
11.5 
11.67 
11.9 
0.13 
69.22 
71.02 
73.1 
1.15 
TEST 3 
DAY 2 DAY 3 
33.40 29.8 
35.47 32.23 
50.6 42 
0.10 0.085 
0.11 0.098 
0.12 0.11 
0.006 0.01 
0.161 0.126 
0.170 0.164 
0.187 0.176 
0.008 0.016 
0.131 0.118 
0.138 0.131 
0.154 0.137 
0.007 0.006 
0.0127 0.0127 
0.0157 0.0157 
0.0168 0.0166 
0.0013 0.0013 
40 40 
41.33 40.84 
42.7 41.5 
0.80 0.54 
30.8 29.5 
31.68 30.47 
32.7 31.8 
0.60 0.64 
6.4 5.4 
6.71 6.21 
7.6 7 
0.38 0.44 
10.2 8.0 
10.8 10.42 
11.9 11.2 
0.53 1.02 
67.4 66.1 
73.58 71.30 
77.47 77.17 
3.21 3.34 
DAY 4 
40.0 
42.24 
56.70 
0.097 
0.098 
0.102 
0.004 
0.154 
0.163 
0.170 
0.005 
0.124 
0.131 
0.136 
0.004 
0.0150 
0.0162 
0.0169 
0.0006 
37 
38.14 
38.8 
0.67 
27.1 
28.90 
29.8 
1.12 
5.9 
6.26 
6.5 
0.22 
9.8 
10.32 
10.8 
0.32 
69.2 
70.31 
76.67 
3.37 
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Table 5.4: Comparison of the mean daily results for laboratory tests 1,2, and 3 
Measured and calculated performance 
_parameters Minimum air flow velocity (m/s) 
Mean air flow velocity (m/s) 
Maximum air flow velocity (mJs) 
Min. ambient air relative. humidity (%) 
Mean ambient air relative. humidity (%) 
Max. ambient air relative. humidity (%) 
Ambient air relative. humidity(Std. ) (%) 
Min. ambient air temperature C C) 
Mean ambient air temperature (0 C) 
Max. ambient air temperature (° C) 
Ambient air temperature (Std. ) (° C) 
Min. glazing temperature (° C) 
Mean glazing temperature C) 
Max. glazing temperature C) 
Glazing temperature (Std. ) (° C) 
Min. absorber plate temperature C) 
Mean absorber plate temperature C C) 
Max. absorber plate temperature C C) 
Absorber plate temperature (Std. ) C C) 
Min. bottom plate temperature (° C) 
Mean bottom plate temperature (° C) 
Max. bottom plate temperature C C) 
Bottom plate temperature (Std. ) (° C) 
Min. heated air temperature (Upper) C C) 
Mean heated air temperature (Upper) C) 
Max. heated air temperature (Upper) C C) 
Heated air temperature (Std. ) C C) 
Min. heated air flow velocity (Upper) C C) 
Mean heated air flow velocity (Upper) C C) 
Max. heated air flow velocity (Upper) (0 C) 
Heated air flow velocity (Std. Upper) C C) 
Min. heated air temperature (Lower) C C) 
Mean heated air temperature (Lower) C C) 
Max. heated air temperature (Lower) C C) 
Heated air temperature (Std., Lower) C C) 
Min. heated air flow velocity (Lower) (m/s) 
Mean heated air flow velocity (Lower) (m/s) 
Max. heated air flow velocity (Lower) (m/s) 
Heated air flow velocity (Std., Lower) (m/s) 
Min. average heated air temp. (Overall) C C) 
Mean-average heated air temp. (Overall) C C) 
Max. -average heated air temp. (Overall) C C) 
Average heated air temperature (Std. ) C C) 
Min. chimney air temperature C C) 
Mean chimney air temperature C C) 
Max. chimney air temperature C C) 
Chimney air temperature (Std) (° C) 
TEST I TEST 2 TEST 3 
0.01 
0.01 
0.02 
31.40 
36.68 
39.5 
2.59 
21.9 
23.0 
24.4 
0.79 
44.28 
46.45 
47.91 
1.08 
53.38 
55.82 
57.1 
1.02 
25.18 
27.17 
28.7 
1.02 
45.20 
47.90 
50.5 
0.98 
0.16 
0.178 
0.2 
0.014 
23 
23.39 
24.55 
1.04 
0.48 
0.56 
0.65 
0.051 
24.6 
27.13 
29 
1.18 
33.25 
35.79 
37.5 
1.19 
0.01 
0.01 
0.02 
35.8 
4254 
47.9 
3.71 
25.5 
26.93 
28.2 
0.85 
39.15 
45.25 
46.98 
1.60 
51.58 
53.97 
55.46 
1.25 
27.1 
29.03 
30.44 
0.90 
34 
38.21 
40.35 
1.40 
0.27 
0.294 
0.32 
0.014 
30.5 
33.29 
34.4 
0.82 
0.29 
0.317 
0.34 
0.015 
30 
32.29 
33.5 
0.91 
35.75 
37.45 
38.75 
0.98 
0.01 
0.01 
0.02 
35.1 
44.5 
56.6 
5.66 
23.1 
26.58 
29.2 
1.40 
40.6 
44.34 
46.8 
1.57 
50.8 
52.74 
55.3 
1.41 
30 
32.96 
34.8 
1.43 
30 
33.51 
35.8 
1.44 
0.38 
0.46 
0.50 
0.04 
34.2 
37.7 
40 
1.67 
0.13 
0.17 
0.20 
0.018 
34 
37.36 
39.6 
1.40 
31.3 
34.54 
36.6 
1.27 
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Table 5.4: Continued. 
Measured and calculated performance 
_parameters Min. air relative humidity at chimney outlet (%) 
Mean air relative humidity at chimney outlet (%) 
Max. air relative humidity at chimney outlet (%) 
Min. relative heating index (Upper) 
Mean relative heating index (Upper) 
Max, relative heating index (Upper) 
Relative heating air index (Std. ) 
Min. relative heating index (Lower) 
Mean relative heating index (Lower) 
Max. relative heating index (Lower) 
Relative heating air index (Std) 
Min: average relative heating index 
Mean-average relative heating index 
Max. -average relative heating index 
Relative heating index (Std. ) 
Minimum air mass flow rate (kg/s) 
Mean air mass flow rate (kg/s) 
Maximum air mass flow rate (kg/s) 
Air mass flow rate (std) (kg/s) 
Min. air temp. inside drying chamber (° C) 
Mean air temp. inside drying chamber (° C) 
Max. air temp. inside drying chamber C) 
Average air temp. in drying chamber (Std. ) (° C) 
Min. exit air temperature (° C) 
Mean exit air temperature (0 C) 
Max. exit air temperature (° C) 
Exit air temperature (Std. ) (° C) 
Min. drying air temperature rise (Upper) (° C) 
Mean drying air temperature rise (Upper) C) 
Max. drying air temperature rise (Upper) C) 
Drying air temperature rise (Std.. Upper) C) 
Min. drying air temperature rise (Lower) C) 
Mean drying air temperature rise (Lower) (° C) 
Max. drying air temperature rise (Lower) (° C) 
Drying air temperature rise (Std., Lower) (° C) 
Min. collector efficiency (Overall) (%) 
Mean collector efficiency (Overall) (%) 
Max. collector efficiency (Overall) (%) 
Collector efficiency (Std) (%) 
TEST 1 TEST 2 TEST 3 
30.10 
36.68 
39.40 
0.395 
0.406 
0.412 
0.005 
0.009 
0.022 
0.027 
0.006 
0.08 
0.125 
0.15 
0.005 
0.0159 
0.0174 
0.021 
0.0015 
33.6 
36.00 
37.6 
1.15 
25.3 
26.92 
29.70 
1.02 
25.05 
25.77 
26.15 
0.32 
0.6 
1.41 
1.74 
036 
37.12 
45.75 
53.95 
5.29 
32.8 
35.83 
47.9 
0.134 
0.172 
0.172 
0.014 
0.070 
0.094 
0.102 
0.008 
0.10 
0.156 
0.19 
0.009 
0.0111 
0.0126 
0.0129 
0.0003 
32.5 
37.62 
41 
2.69 
30.7 
32.03 
35.4 
1.25 
8.5 
10.92 
12.55 
0.87 
4.43 
6.00 
6.61 
0.51 
51.13 
66.46 
72.43 
4.84 
29.80 
36.96 
56.70 
0.085 
0.104 
0.12 
0.008 
0.126 
0.137 
0.154 
0.009 
0.31 
0.33 
0.39 
0.009 
0.0127 
0.0155 
0.0169 
0.0017 
37 
40.28 
42.7 
1.37 
27.1 
30.47 
32.7 
1.20 
5.4 
6.62 
7.6 
0.54 
8.0 
10.8 
11.9 
0.81 
66.1 
71.67 
77.47 
3.18 
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Figure 5.1: Diurnal variation in the ambient air temperature with time during tests 1-3 for 
three selected days. 
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Figure 5.2: Variation of ambient and exhaust air relative humidity with time during tests 1 
-3 for three selected days . 
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Figure 5.3: Variation in the temperatures of the air-heater components with time during 
tests 1-3 for three selected days. 
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Figure 5.4: Variations in the drying air temperatures at outlets of the air-heater channels 
with time during tests 1-3 for three selected days. 
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Figure 5.5: Diurnal variations in the drying air velocity at the oulets of the air-heater during tests 1-3 for three selected days 
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Figure 5.6: Diurnal variation in the drying air temperature profile at two locations in the drying chamber during tests 1-3 for three selected days. 
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Figure 5.7: Diurnal variations in the air temperature measured at the bottom and middle 
sections of the chimney with time during tests 1-3 for three selected days. 
80 
0 1 23 
Tare/(hours) 
4 56 
Figure 5.8: Diurnal variation in the cumulative energy collection efficiency of the air- heater during tests 1-3 for three selected days. 
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5.1.2 Tests under load conditions 
Two sets of drying tests were performed under load conditions: (a) tests in which the 
drying was carried out continuously until a set time was reached (as in Tests 4,5 and 6), 
and (b) tests in which the drying was carried out on day to day basis until the desired 
moisture content was achieved or a set time was reached (as in Tests 7 through 13). 
In Tests 7 through 13, because drying was performed on daily basis, the experimental plots 
of the results of these tests have humps that flatten out over a length of time or are bounded 
between two vertical lines. In such plots (Figs. 5.19 through 5.38), the number of humps 
represents the number of days of operation of the dryer with the hump interval 
corresponding to the duration of the test on that day. In tests 9 through 13, the absorber 
plate of the air-heater was located at 17 mm from the base plate (as in tests 3 and 6). 
Tests 4.5. and 6 ntinuQu Ysln ýa it-h ? Q(e ana c,. resp e ivAd I 
Tests 4,5 and 6 were carried out to evaluate the drying performance of the MNCSCD 
using the three configurations of the SPDDSAH described earlier (see section 5.1.1). To 
compare the dryers' performance with open-air drying, a control experiment was carried 
out by drying 122g of cassava chips in open-air under the same laboratory conditions 
during test 4. A lower loading density of 2.8 kg/m2 was employed in the open-air drying. 
The average initial moisture contents of the cassava for all tests were about 202%, dry 
basis (i. e. about 67% wet basis) and the drying was performed continuously, in each test, 
for a period of 22 hours. No mould growth on the surface of the dried cassava was 
observed in any of the tests. In each of the three drying tests, between 1458 and 14619 of 
cassava was spread on a drying tray of surface area 0.16 m2 suspended on a cantilever 
beam at a height of 190 mm from the base of the drying chamber by means of four light 
inextensible strings of equal lengths. The desired moisture content level (20.4%, dry basis) 
for safe storage could not be attained within the cumulative drying time of twenty-two 
hours in any of the tests (see fig. 5.11). 
An overview of the results of these experimental tests is presented in Table 5.5. As in 
5.1.1, the data presented in Table 5.5 were computed over the drying period using a steady- 
Chapter 5 Experimental results and discussion 
179 
state incident radiation intensity of 464 W/m2. In calculating the overall drying 
efficiencies, the energy collection area was taken as the sum of the primary and secondary 
collector areas to capture the effect of the contribution of the direct radiant energy incident 
on the drying chamber on the overall drying performance. The overall efficiency values 
computed for each test were then `normalised' against the total initial crop weight to 
isolate, if any, the differences in drying load densities and its effect on the drying 
efficiency. The values of the mean pick up efficiency presented in Table 5.5 were obtained 
with the aid of psychrometric chart and equation (4.129). 
The variation of the ambient air temperatures recorded over the drying periods in all the 
three tests was small (Fig. 5.9); differences of only up to 4° C were observed between the 
maximum and minimum ambient air temperatures (Table 5.5). Comparatively low levels 
of ambient air relative humidity were observed (see fig. 5.10). In test 4, the values ranged 
between 35.4 and 43.1% with a mean value of 40.1%, whereas in test 6 the values varied 
from 32.7 to 42% with a mean of 34.9%. The relative humidity values were not recorded 
in test 5 because of the non availability of the hand held relative humidity/temperature 
measuring instrument on that day. Diurnal variations in the relative humidity of the air at 
the outlet of the chimney (exhaust air) are shown in Fig. 5.10. In test 6, the exhaust air 
relative humidity increased by about 21% over the ambient value in the first hour, 
compared to the increment of 16% obtained in tests 4. The maximum values of the exhaust 
air relative humidity observed during the tests were 60.5 and 59.4% in tests 6 and 4, 
respectively. The increase in the exhaust air relative humidity over the ambient values can 
be explained as follows: as the air flows up the drying chamber it absorbs the evaporated 
moisture from the crop with a simultaneous loss of heat to the crop resulting in an increase 
in its relative humidity. But as can be seen from Fig. 5.10, as the drying progresses, the 
relative humidity of the exhaust air decreases because the moisture content of the product 
decreases and therefore less moisture gets entrained in the drying air leaving the chimney. 
In general, the mean ambient air and exhaust air relative humidity values recorded over the 
test period were lower than the maximum value of 60% recommended by Cheema (1978) 
for rapid drying of cassava. These conditions, naturally, favoured the drying of the cassava 
chips. 
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Three plots illustrating the drying behaviours accomplished in the experimentation are 
shown in Figs. 5.11 to 5.13. The plots of the comparative changes in the moisture contents 
(drying curves) with time throughout the drying progress of the tests are shown in Fig. 
5.11. The curves show that, as expected, the rate of drying of the cassava chips was much 
higher in the dryer than in the open-air drying (shown in Figs. 5.11 to 5.13 as control) 
under the same heat source and laboratory conditions. It can be seen from fig. 5.11 that, 
for example, the drying times required to dry cassava chips from 201.6% to 76.1% dry 
basis were: 10.5 hours in test 6; 12 hours in test 5; 14.5 hours in test 4; and 22 hours in the 
open-air drying. The better performance of drying in the dryer compared to the open-air 
drying could be attributed partly to the better mass flow rate of heated air entering the 
drying chamber due to the chimney effect. Furthermore, the product dried in the dryer 
received energy from both the heated air from the air-heater and the direct incident 
radiation, while the open-air dried sample received only the direct incident radiation and 
lost significant energy to the surroundings. The hourly changes in the drying rates are also 
illustrated as functions of time and of moisture content in Figs. 5.12 and 5.13, respectively. 
Figure 5.12 indicates that, for a loading density of approximately 9.13 kglm1 employed in 
all the tests using the dryer, the drying rates were higher in test 6 (when the movable 
absorber plate of the SPDDSAH was positioned closer to the base plate than the 
transparent cover) than in tests 4 and 5 at all moisture contents. The higher mass flow rates 
achieved in test 6 compared to tests 4 and 5 (see fig. 5.14) partly accounts for the higher 
drying rates observed in test 6. It can be observed from Fig. 5.13 that, for the product dried 
in the dryer, the improvement in the rate of drying is noticeable for test 6 in the later stages 
of drying. For example, at a moisture content level of 50% the drying rate of the cassava 
chips in test 6 was 0.0048 kg. i1cg,. h, whereas the drying rates at the same moisture content 
level in tests 5 and 4 were 0.0026 and 0.004 kgjkg,. h, respectively. A possible 
explanation for this observation is that in the final stages of drying (i. e. at low moisture 
contents), the rate of drying tends to be controlled by the rate of moisture movement from 
the interior of the drying body to the surface. This, in turn, is controlled by the temperature 
of the body which is governed by the temperature of the surrounding air. It can be 
postulated, therefore, that the higher rate of drying at low moisture contents is attributable 
to the higher air temperatures and relatively higher mass flow rates attained in the drying 
chamber, as in test 6, compared to the values obtained in tests 4 and 5 (Fig. 5.15). It can be 
seen from figs. 5.12 and 5.13 that, no constant rate period was observed in the drying 
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cassava from a moisture of 201.6% to 24% dry basis in any of the tests. In previous 
research Chirife et al, (1969) observed a similar trend in the drying of cassava from a 
moisture content of 66 to 14% on wet basis (i. e., about 200 to 16% dry basis). 
The variations in the plenum air temperature for the three tests over the drying time, is 
illustrated in fig. 5.15. The curves of the variations in the ambient air temperature have 
been superimposed for purposes of comparison. Figure 5.15 shows moderate rises in the 
drying air temperature inside the plenum above ambient values. Peak temperature 
elevations of 4,6.6 and 8° C were experienced in tests 4,5 and 6, respectively. In test 6, 
the maximum drying air temperature recorded was 33.3° C compared to the values of 
27.3° C and 31.8° C realised in tests 4 and 5, respectively. However, the average 
temperatures experienced in the plenum with the dryer loaded were far less compared to 
the cases in which the dryer was not loaded. For example, with the dryer unloaded and 
employing the same SPDDSAH configuration used in test 6, a daily mean rise in the 
plenum air temperature of 10.5° C over ambient was obtained (see Fig. 5.4 and Table 5.4). 
Figure 5.14 shows the variation in the mean mass flow rates at the outlet of the air-heater 
during tests 4,5 and 6. It can be observed that higher air mass flow rates were obtained 
during test 6 compared with the corresponding values in tests 4 and 5. The higher mass 
flow rates and drying air temperatures coupled with the lower drying air relative humidity 
recorded in test 6 compared with the corresponding values achieved in tests 4 and 5, is 
indicative that the drying potential of the plenum air in test 6, would be greater than that of 
test 4 or 5. 
Mean drying air temperatures recorded in the drying chamber over the test series were 
between 33.9-37.2° C in test 6; 31-34.8° C in test 4 and 33.1-37.4° C in test 5. However, in 
the corresponding tests under no load conditions higher drying chamber temperatures were 
recorded (see Table 5.1-5.3). The variation in the mean drying air temperatures (inside the 
drying chamber) with distance from the base of the chamber is illustrated in Fig. 5.16. 
Figure 5.16 shows that, in general, the air temperature inside the chamber increases with 
distance from the base of the drying chamber. This observation can be explained along the 
following lines: as the air flows up the drying chamber it absorbs the evaporated moisture 
from the crop with a simultaneous loss of heat to the crop resulting in an increase in its 
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relative humidity; however, it is heated in turn by the direct radiant energy reaching the 
chamber. 
Figure 5.17 shows the variation in the exhaust temperature along the length of the chimney. 
Comparing figs. 5.16 and 5.17, it can be seen that in the initial stages of drying, the 
chimney temperatures are higher than the drying chamber air temperatures but as the 
drying progresses the chamber air temperature increases and eventually becomes higher 
than the chimney air temperature. The chamber temperatures becoming higher than the 
chimney temperature at some point during drying is suggestive that the drying potential of 
the heated air was possibly under utilised in all the three tests. The air temperatures 
recorded in the drying chamber and the chimney under load conditions were lower than the 
corresponding air temperatures recorded under no load conditions (see figs. 5.6,5.7,5.16 
and 5.17). For example, under nearly the same laboratory conditions, a peak temperature 
of 39°C was recorded inside the drying chamber in test 5 compared to the value of 42.7° C 
observed in test 3 (fig. 5.12). This observation denotes that the positional changes in the 
air temperature within the dryer depended not only on incident energy, but also on the 
moisture content of the cassava being dried. The range of drying air temperatures recorded 
for the dryer studied were less than optimum value of 84° C for the cassava to get scorched 
under the drying conditions experienced. 
The calculated relative heating index values, as can be seen from Tables 5.4 and 5.5, 
ranged between 0.09 and 0.26 for tests 4,5 and 6 compared with values of 0.08-0.39 
obtained in tests 1,2 and 3. It must be noted from these results that the air-heater outlet 
temperatures are affected by the loading capacity of the dryer and therefore should be taken 
into account in the design of a dryer. 
The variations in the normalised overall drying efficiencies with time are shown in 
fig. 5.18. It can be seen that the value of the cumulative efficiency for each test decreases 
as the drying progresses. However, as mentioned earlier, the drying air temperatures and 
mass flow rates inside the chamber increased as the drying progressed in all the tests (see 
figs. 5.14 and 5.15). These observations point to the fact that the drying efficiency is 
strongly linked up with the reduced moisture content of the product being dried. It can be 
seen from fig. 5.18 that cumulative drying efficiency at the end of the 22 hours of drying 
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was higher in test 6 (8.75%) compared to the values of 7.6% and 7.95% in tests 4 and 
5, 
respectively, however, the pick-up efficiency of the dryer for test 4 was 17.5% compared to 
a lower value of 11.5% obtained in test 6. Though the drying air conditions in test 6 were 
far better than those of test 4, yet the higher value of the pick-up efficiency obtained 
during 
test 4 compared to a value of 11.5% obtained in test 6 indicates that the potential of the 
heated air from the air-heater in test 6 was highly under-utilised. 
Table 5.5: Overview of results for laboratory tests 4,5 and 6 
(Test 4- test under load with air-heater option A. absorber plate of 55 mm from base plate; 
Test 5 -test under load with air-heater option B, absorber plate of 36 mm 
from base plate; 
Test 6- test under load with air-heater option C, absorber plate of 17 mm from base plate) 
Measured and calculated performance parameters 
Starting time 
Duration of drying (h) 
Initial weight of crop mass (grams) 
Initial product moisture content (kg/kg, . lid 
) 
Final product moisture content (kgw,,, lkgd, . lid Minimum ambient air relative humidity (%) 
Mean ambient air relative. humidity (%) 
Maximum ambient air relative. humidity (%) 
Minimum ambient air temperature C C) 
Mean ambient air temperature (° C) 
Maximum ambient air temperature (° C) 
Min. glazing temperature (° C) 
Mean glazing temperature C C) Maximum glazing temperature C C) Minimum absorber plate temperature C C) Mean absorber plate temperature C C) Maximum absorber plate temperature C C) Minimum bottom plate temperature C C) Mean bottom plate temperature C C) Maximum bottom plate temperature C C) Minimum heated air temperature in upper channel C C) 
Mean heated air temperature in upper channel C C) 
Maximum heated air temperature in upper channel C C) 
Min. heated air flow velocity in upper channel C C) 
Mean heated air flow velocity in upper channel C C) 
Max. heated air flow velocity in upper channel C C) 
Minimum heated air temperature in lower channel C) 
Mean heated air temp. in lower channel C C) 
Maximum heated air temp. in lower channel C) 
Min. heated air flow velocity in lower channel C C) 
Mean heated air flow velocity in lower channel C C) 
Max. heated air flow velocity in lower channel C C) . 
TEST 4 TEST 5 TEST 6 
11.40 am 11.20 am 11.20 am 
22 22 22 
1458.3 1460 1460.1 
201.6 201.6 201.7 
49.7 28.1 24.0 
35.40 = 32.7 
40.10 -' 34.9 
43.10 = 42 
22.1 21 21.2 
23.2 24.8 24.9 
23.9 25.4 25.3 
45.2 44 42.3 
46.2 45.1 44.0 
47.7 46.2 44.6 
54.0 52.0 49.9 
55.3 53.6 513 
56.6 55.0 52.1 
25.20 27.1 28.3 
26.9 29.1 31.1 
27.7 30.4 31.6 
47.9 40.0 31.8 
493 45.1 32.9 
50.7 47.5 33.2 
0.10 0.27 0.42 
0.13 0.29 0.45 
0.18 0.31 0.49 
23.3 33 38.6 
24.2 35.2 40.5 
25.3 38 41 
0.30 0.26 0.14 
0.46 0.30 0.16 
0.50 0.33 0.20 
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Table 5.5: continued. 
Measured and calculated Performance ý meters 
29.9 
32.7 
33.3 
33 
34.9 
36 
0.21 
0.24 
0.26 
30.3 
34.6 
37.1 
26.2 
27.7 
28.9 
6.8 
7.8 
8.3 
15.1 
8.0 
16.0 
0.0142 
0.0152 
0.0163 
28.9 
36.4 
46.5 
11.5 
12.3 
TEST 4 TEST 5 TEST 6 
Minimum heated air temperature in plenum (° C) 
Mean heated air temperature in plenum (" C) 
Maximum heated air temperature in plenum (° C) 
Minimum chimney air temperature (° C) 
Mean chimney air temperature (° C) 
Maximum chimney air temperature (° C) 
Minimum relative heating index 
Mean relative heating index 
Maximum relative heating index 
Minimum air temperature inside drying chamber (° C) 
Mean air temperature inside drying chamber (° C) 
Maximum air temperature inside drying chamber (° C) 
Minimum exit air temperature (° C) 
Mean exit air temperature (° C) 
Maximum exit air temperature (° C) 
Min. drying air temperature rise in upper channel C) 
Mean drying air temperature rise in upper channel (° C) 
Max. drying air temperature rise in upper channel (0 C) 
Min. drying air temperature rise in lower channel (° C) 
Mean drying air temperature rise in lower channel (° C) 
Max. drying air temperature rise in lower channel (° C) 
Minimum air mass flow rate (kg/s) 
Mean air mass flow rate (kg/s) 
Maximum air mass flow rate (kg/s) 
Minimum exhaust air relative humidity (%) 
Mean exhaust air relative humidity (%) 
Maximum exhaust relative humidity (%) 
Mean pick-up efficiency (%) 
Overall drying efficiency (%) 
25.0 
26.6 
27.3 
31.3 
342 
35 
0.09 
0.10 
0.12 
31.3 
33.9 
34.8 
24.8 
26.0 
27.1 
25.0 
26.0 
27.0 
0.47 
1.0 
1.9 
0.0078 
0.0115 
0.0132 
33 
45.1 
59.4 
17.5 
27 
30.7 
31.8 
32 
34.5 
35.5 
0.16 
0.17 
0.18 
32.6 
35.7 
37.5 
25 
26.5 
27.6 
19 
20.3 
22.5 
12 
10.4 
13.3 
0.011 
0.0131 
0.0143 
, 
11.0 11.6 
Normalised diving efficiency (% /k mass) 7.6 7.95 
8.43 
Value not recorded or estimated. 
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Figure 5.9: Variation in the ambient air temperature with time during tests 4,5 and 6. 
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Figure 5.10: Variation in the ambient air and exhaust air relative humidity with time 
during tests 4,5 and 6. 
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Figure 5.11: Comparative changes in moisture content with time during tests 4,5 and 6 
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Figure 5.12: Variation in the drying rate of cassava chips with time during tests 4,5 and 6. 
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Figure 5.13: Variation in the drying rate of cassava chips with moisture content during 
tests 4,5 and 6. 
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Figure 5.14: Variation in the air mass now rate with time during tests 4,5 and 6. 
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Figure 5.15: Variation in the plenum air temperature with time during tests 4,5 and 6. 
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Figure 5.16: Variation in the drying chamber air temperature with time during tests 4,5 
and 6. 
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Figure 5.17: Variation in the chimney air temperature with time during tests 4,5 and 6. 
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Figure 5.18: Variation in the cumulative normalised drying efficiency with time during 
tests 4,5 and 6. 
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Test 7.8 and 9 (dav to day dminQ tests with air-heater options A. B and C. respective! 
The same configurations of the air-heater employed in tests 4,5 and 6 were used in tests 7, 
8 and 9, respectively. These tests were, as stated in section 3.3.1, conducted to evaluate the 
effect of the thermal mass of the dryer on its performance. During the tests, the crop mass 
was left in the dryer at the close of a day's experimental run while the solar simulator was 
switched of& thus providing no externally supplied energy until the beginning of the next 
day's run. In the calculation of the overall drying efficiency values presented in Table 5.6, 
the time was based on the length of time over which the solar simulator was effectively in 
operation during the days. The average initial moisture content of the cassava dried in each 
of these tests was 201.7%. 
The results of tests 7,8 and 9 are hereafter presented and discussed by comparing them 
with some pertinent results from tests 4,5 and 6. A summary of the mean values of the 
laboratory test conditions in tests 4,5, and 6 are provided alongside those obtained in tests 
7,8 and 9 in Table 5.6. An overview of the results of tests 7-9 is provided in Table 5.8. 
Table 5.6: Mean values of the prevailing laboratory test conditions during tests 4 to 9 
Test condition 
Ambient relative humidity (%) 
Ambient air temperature (0 C) 
Ambient wind speed (m! s) = Value not recorded during the test 
Test 4 Test 5 Test 6 
40.1 a 
23.2 24 
0.01 0.01 
Test 7 Test 8 Test 9 
34.9 49 30.7 
24.9 24.1 23.7 
0.01 0.01 0.01 
39.2 
24.7 
0.01 
It can be seen from Table 5.6 that, the ambient air relative humidity values were slightly 
higher in tests 7 and 9 than the values recorded during tests 4 and 6. No significant 
differences in the ambient air temperatures were observed in these comparative tests, 
except for tests 4 and 7 in which a mean difference of nearly 1° C was recorded. 
Figure 5.19 shows the mean drying curves for tests 7,8 and 9. The vertical portions of the 
'curves' represent the night time drying with their end points denoting the moisture contents 
at the end of a particular day's run and the beginning of the following day's run. The 
broken horizontal line indicates the safe storage moisture content of 20.4%, dry basis. The 
drop in the moisture contents over the nights in each of the tests (see fig. 5.19) indicates 
that drying took place during the nights in all the tests. Comparing the drying curves 
in 
Chapter 5 Experimental results and discussion. 
191 
figs. 5.11 and 5.19, it can be seen that the rate of drying was generally faster in tests 7,8 
and 9 than in tests 4 to 6. For example, for the same 22 hours of external energy supplied 
to the dryer, the product dried on daily basis in test 9 reached a content of 16.7% (dry 
basis) whereas the product dried on a continuous basis in test 6 reached a moisture content 
of 24% even though lower relative humidity values were observed in test 6 compared to 
test 9. As can be seen from fig. 5.19, when the cassava chips were dried in the dryer on 
daily basis, the worst rate of drying was realised in test 7; nonetheless, within 22 hours of 
external energy input the final moisture content of the cassava chips dried during test 7 was 
23.9% compared to a value of 49.7% obtained with the same air-heater configuration in 
test 4. Since the laboratory test conditions during tests 7,8 and 9 were no better than those 
recorded during tests 4 to 6, the faster rates of drying achieved in tests 7,8 and 9 compared 
to the drying rates observed in tests 4,5 and 6 (see Table 5.6), in which drying was carried 
out continuously on under almost exactly similar test conditions, can be attributed 
primarily to the contribution of nocturnal drying in tests 7,8 and 9. The total nocturnal 
moisture loss in tests 7,8 and 9 were computed using equation 4.133 and found to be 
136.5g, 181.4g and 48.8g respectively, compared to the total moisture loss over the drying 
period their values of which were found to be 840,607.3 and 684.2 g, respectively. Thus, 
the nocturnal moisture accounted for 16.3,29.9 and 7.1% of the total moisture lost in tests 
7,8 and 9, respectively to bring the products to the final moisture levels attained. The 
nocturnal moisture loss can be explained as follows: during the day, part of the energy 
transmitted through the transparent chamber is absorbed by the structural members. This 
energy which would have otherwise been lost to the surroundings is released at night to the 
system, thus maintaining the temperature inside the chamber slightly above the product 
temperature and extending the drying time well into the night. The magnitude of the 
nocturnal moisture loss is influenced by two factors, namely: the vapour pressure of water 
in the surrounding air (which is a function of the air's temperature and relative humidity) 
and the vapour pressure of moisture in the crop (which is a function of the moisture 
content). The higher nocturnal moisture loss observed during the first night in test 8 
compared to the values observed during the first nights in tests 7 and 9 could be attributed 
to the low ambient relative humidity values and higher product moisture content. It can be 
seen from fig. 5.19, that the nocturnal moisture loss decreases as the drying progresses. 
This observation is due to the fact that as the drying progresses, the vapour pressure of the 
moisture in the product decreases thus resulting in a further reduction of the nocturnal 
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moisture loss. Since the rate of moisture loss from a material is strongly tied up with lower 
relative humidity of the surrounding air, a possible way of increasing the nocturnal 
moisture loss is to consider introducing desiccants in the drying chamber to absorb 
moisture within the chamber at night particularly during wet season drying. 
The variations in the drying rates as functions of time and moisture content are illustrated 
in figs. 5.20 and 5.21, respectively. Figure 5.20 shows clearly that the drying rates were 
higher in test 9; in 19.6 hours the product moisture content was reduced from an initial 
value of 201.7% to the desired level of 16.8%. In the case of tests 7 and 8, at the end of 
19.6 hours of external energy supply, the product moisture contents were 40 and 20%, 
respectively. Figure 5.21 shows that the drying rates recorded during test 9 were higher 
than the values noted in tests 7 and 8, at all moisture content levels. 
Since nocturnal moisture loss contributed significantly to the total moisture loss in tests 7, 
8 and 9, it can be concluded from the above experimental observations that connecting or 
incorporating a physical heat storage equipment to dryers to store up energy which would 
otherwise be lost during the day for drying during the night can be justified, particularly in 
solar drying. 
The normalised overall drying efficiencies plots in fig. 5.22 show that at the end of 19.6 
hours of external energy input their values were: 8.64 %/kg for test 7; 9.60 %/kg for test 8; 
and 9.80 °/äkg for test 9. These values are greater than the corresponding values of 7.8,8.4 
and 9.0 %/kg obtained in tests 4,5 and 6 (see fig. 5.18), emphasising the added advantage 
in utilising the energy stored up in the structural members of the dryer for drying at night. 
est 10(davtodavd 9 I -h 
Qna c re oea a" 
240 mm fro m the base ofthe Mine chambcjr 
In test 10, about 1117g of cassava chips were dried on a single tray suspended at a height 
of 240 mm from the base of the drying chamber. The same configuration of the air-heater 
was used in tests 9 and 10. However, in test 9,1116.3g of cassava chips were dried on a 
single tray suspended at a height of 190 mm from the base of the drying chamber. For 
purposes of comparison, the results of test 10 are presented alongside those obtained in 
test 9. 
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The diurnal variations in the ambient air relative humidity and temperature, and in the 
heated air temperature inside the plenum and drying chamber, for tests 9 and 10, are 
illustrated in figs. 5.23(a) and 5.23(b). The results indicate a slight predominance of higher 
drying air temperatures inside the plenum and the chamber during test 10 over test 9. The 
hourly average heated air temperatures recorded over the drying periods in the plenum and 
the chamber respectively were between: 30.6-34.7° C and 31.6-38.9° C for test 9; and 31 - 
33.5° C and 32.9 -39° C for test 10. The corresponding mean values of the drying air 
temperatures recorded inside the plenum, drying chamber and chimney over the test 
periods were: 33,36.5 and 35° C and 33.3,36 and 31.2° C in tests 10 and 9, respectively. 
However, ambient air relative humidity values recorded over the drying periods were 
higher in test 10 than in test 9. The ambient air relative humidity values recorded in test 9 
were between 35.7 and 45.2% compared to values of 35.8 to 53.2 % obtained in test 10. 
The mean ambient air temperature and relative humidity values recorded over the two test 
periods were: 24.9° C and 35.5% for test 9; and 24.4° C and 41.7% for test 10. 
The mean air mass flow rates over the drying periods ranged between 0.0132 - 0.0159 kg/s 
for test 9, and 0.0127 - 0.0169 kg/s for test 10 (see fig. 5.24). Comparatively, higher air 
flow rates were observed in test 10 than during test 9. 
The mean drying curves for tests 9 and 10 are shown in figs. 5.25 to 5.27. Figure 5.25 
shows the variations in moisture content with time; while figs. 5.26 and 5.27 illustrate the 
variations in the drying rates with time and moisture content, respectively. Figure 5.25 
shows that the rate of drying in test 10 was marginally faster than in test 9. For 19 hours of 
external energy supply, 1117.2g of cassava chips were dried from a moisture content of 
210.6% to a final value of 20.7% in test 9; whereas the final moisture content attained in 
test 10 after the same length of time was 18.3%, dry basis. As can be seen from figs. 5.26 
and 5.27, during the first day (at higher moisture contents) the hourly rates of drying were 
generally faster in test 9 compared to the rates achieved in test 10. During the second and 
third days, (at low moisture content level) the drying rates were consistently higher in test 
10 than in test 9, at all moisture contents over the test periods. It is clear from the 
experimental data that the radiative and convective heat fluxes as well as the air mass flow 
rate reaching the drying bed were greater in test 10 than in test 9. Since the relative 
humidity of the air stream is the only other external parameter that can possibly affect the 
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rate of drying, it could be hypothesised that the lower relative humidity values observed in 
test 9 was the dominant factor responsible for the faster drying rates experienced in test 9 
on the first day compared to the slower drying rates observed in test 10. Against the 
backdrop of the lower air relative humidity values recorded in test 9, the faster drying rates 
observed in test 10 (compared to the drying rates in test 9) during the second and third days 
of drying could-probably be due to the dominance of the combined effects of better 
radiative and convective heat fluxes as well as the mass flow rates over the influence of 
lower air relative humidity values. Two important factors that emerge from the results of 
the comparative tests 9 and 10 are to be noted: 
In the early (initial) stages of drying, moderate air mass flux of lower relative humidity 
is desired to optimise the use of energy for drying. During this stage the moisture 
migration from the interior of the crop to the surface is at a faster rate and therefore 
higher air velocities and lower relative humidity is required to remove the moisture from 
the surface of the crop. 
" In the final (later) stage of drying (at low moisture contents), moderate mass flow rates 
combined with high product temperatures will provide a more rapid drying. In this 
stage, the moisture content level of the crop is low, hence the moisture gradient across 
the crop from its interior to the surface is small and therefore high product temperatures 
are required for higher vapour pressure gradients to enhance drying. 
From fig. 5.25, it can be seen that after 7 hours of drying during the first day, in both cases, 
the moisture content (dry basis) at the close of the day were 98.5 and 110.3% in tests 9 and 
10, respectively. Subsequently, the nocturnal moisture loss on the first night (represented 
by the vertical portions of the curves in fig. 5.19) was higher in test 10 than in test 9. The 
tests were ended on the second day of drying at moisture contents of 41.7% and 44% in 
tests 9 and 10, respectively. It is clear from fig. 5.25 that, the nocturnal moisture loss on 
the second night was greater in test 10. From these observations, it can be concluded that 
the nocturnal moisture loss is a function of the prevailing moisture content of the material 
being dried. 
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The drying curves (see the intersection of the horizontal broken line with the curves in fig. 
5.25) show that the cumulative time required for drying approximately 1116 g of cassava 
chips from a moisture content of 201.7% to a desired level of 20.4% dry basis was reduced 
by 2 hours by simply raising the drying bed nearer the radiant heat source. Comparing the 
prevailing conditions under which tests 9 and 10 were performed, it can be alluded that, for 
the same convective heat flux into the system, higher drying rates can be achieved by 
increasing the radiant energy reaching the drying chamber. In solar drying, the use of a 
transparent chamber as opposed to an opaque one for the same drying system can therefore 
be strongly justified. It can also be postulated from the results that in the initial stages of 
drying, the single most important parameter that controls the rate of dying is lower air 
relative humidity. 
Tests 11 and 12 (dav to day drying tests with air heater option C and employing same load 
but using three and two tiers of dr inQ shelves respec 'velvl 
One way of increasing the drying capacity of a solar dryer is by enlarging the drying 
surface area through an increase in the chamber cross sectional area. The alternative way 
of increasing the drying capacity, without necessarily enlarging the chamber surface area, 
is to employ tiers of trays or shelves arranged vertically and spaced apart for a given drying 
chamber volume. For a given load and chamber volume, the layer density per bed is 
reduced by either using multiple trays/shelves or by increasing drying chamber surface 
area. The purpose of tests 11 and 12 in this study, was to investigate the effect of reducing 
crop bed layer density by employing tiers of trays during drying. 
The same quantity of cassava chips (about 1329 g) were dried in each of these tests. 
However, the product was spread on three and on two drying shelves in tests 11 and 12, 
respectively. With the drying trays loaded and arranged one vertically above the other and 
spaced out, the lower shelves receive some amount of direct incident radiation but most of 
the product is shaded by the upper shelves. The uppermost shelf is not shaded and 
therefore receives the maximum direct radiation coming through the roof (secondary 
collector) of the chamber. With the fixed solar simulator employed in this study, the heat 
source radiated energy directly onto the roof of the chamber with very little or no radiation 
incident on the crop surface from the sides of the chamber. 
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The changes in the drying air temperature across the drying beds together with the changes 
in the ambient air temperature and relative humidity observed during test 11 are illustrated 
in figs. 5.28. Figure 5.28 shows the temperature variation across the three drying beds 
during the four days of drying. The figure clearly illustrates that during the first day of 
drying, the temperature of the air stream leaving the middle layer was consistently lower 
than the temperature of the air stream entering it, but higher than the temperature of the air 
stream encountering the bottom layer (i. e. plenum temperature). On the other hand, the 
temperature of the air current leaving the top shelf was greater than all the temperatures 
recorded inside the drying chamber. From the second day onwards, it can be seen that 
higher temperatures of the air stream were recorded at the same locations inside the 
chamber. These observations can be explained along the following lines: In the operation 
of the dryer, ambient air is heated on its way to the chamber. The air transfers its sensible 
heat to the drying shelves, and to the product on its passage through the chamber, and 
leaves through the vent provided along the chimney. Upon encountering the bottom crop 
layer, the temperature of the heated air decreases as it gains moisture through drying of the 
product. The lower shelves receive incident radiation, but mostly they are shaded by the 
top shelf. During the drying run, the temperature of the air stream as it passes through the 
bottom layer drops but it is raised subsequently by the radiant energy reaching the chamber 
before it encounters the middle layer. An explanation along the same lines can be put up to 
justify the temperature of the air stream exiting the top bed. However, since the top bed is 
subjected to higher incident radiation than the lower beds, the air stream temperature 
coming out of the top bed is higher than the values recorded at the lower locations. 
The hourly variations of the moisture content with time over the period of drying are 
presented in fig. 5.29. The figure shows that the bottom layer dried faster than the top and 
the middle layers. At the end of nearly 25 hours of external energy supply, the mean 
moisture content of the three layers were: 25.9% for the top layer, 28.5% for the middle 
layer, and 21.4% for the bottom layer. The overall mean product moisture content was 
23.4% (dry basis). Figure 5.30 shows that during the first day of drying, the drying rate 
was higher for the bottom layer than the top and middle layers. Since the product moisture 
content was sufficiently high during the first day, it can be hypothesised from earlier 
results that the better air circulation and the relatively lower air stream relative humidity 
encountered by the bottom layer accounted for the higher hourly drying rates of the bottom 
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layer compared to the top and middle layers. It can be seen from fig. 5.30 that during the 
second day higher drying rates were recorded for the top layer. Following the first day of 
drying, the resistance of the product mass to the flow of air decreases hence the air 
circulation around the top bed improves. The improvement in the air circulation coupled 
with better radiant heat flux reaching the top bed possibly accounts for the higher drying 
rates recorded for the top bed compared to the middle and bottom layers. On the third and 
fourth days the air circulation to all the beds gets better and in addition the radiant heat flux 
reaching the lower beds is further improved. The rate of drying of the crop then becomes a 
function of the product moisture content. The relatively higher rates of drying recorded for 
the middle layer during the third and fourth nights than the top and bottom layers, is 
therefore explainable. 
Figure 531 shows, in absolute terms, that the drying rate at all moisture contents was 
generally higher for the bottom layer, followed by the top then the middle layers. 
Following from this observation, it can be postulated that a better convective heat flux is 
perhaps more favourable than direct radiated heat flux for a drying process. 
The mean drying curves, showing the variations in the product moisture content with time, 
for the two beds are shown in figs 5.32. The mean moisture content is lower for the top 
layer compared to the bottom layer at all times. After twenty-one hours of external supply 
of energy, the top and bottom layers dried from a moisture content of about 202% to 
17.7 % and 28.1%, respectively while the mean product moisture content was 23.7% (dry 
basis). Figure 5.33 clearly indicates that the drying rates were higher for the top layer than 
the bottom layer at all moisture contents over the whole drying period. This observation 
can be explained as follows: The top layer was not shaded and therefore received 
maximum amount of direct incident radiation coming through the roof of the chamber 
compared to the bottom layer which is shaded by the top layer. The temperature of the top 
bed is expected to be higher than the bottom layer, hence crop moisture vapour pressure 
difference would therefore be higher for the top layer than the bottom layer. In addition, 
the air circulation through the top layer is better in test 12, thus the coupled effect of better 
air circulation and higher radiant energy reaching the top bed accounts for the faster drying 
rate of the top bed compared with the bottom layer. It is to be noted from the results of 
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tests 11 and 12 that, drying rates can be improved under the combined influence of radiant 
and convective heat fluxes. 
Figure 5.34 shows the variation in the prevailing laboratory air conditions (temperature and 
relative humidity) and the heated air temperature profile of the beds. It can be observed 
that there was no notable difference in temperature between the air stream arriving at the 
bottom layer (plenum air temperature) and the ambient air temperature. Instead, the 
temperature of the air current entering the top layer is seen to be significantly higher than 
the temperature of air leaving the bottom layer. Thus the top layer was subjected to better 
convective heat flux and radiant energy than the bottom layer on all the days of the 
experiment, hence the faster drying rate of the top bed as observed during the test. 
apacity of3 kQ and drin hamber 
In this test, the design capacity of the dryer was evaluated by loading it with 3 kg of 
cassava chips on a crop bed located at 340 mm from the chamber base. It can be inferred 
from the positioning of the crop bed relative to the heat source that during this test the crop 
bed received the maximum amount of direct radiant energy from the heat source than in 
any of the tests. Mould growth on the surface of the product being dried was detected on 
the second day of drying. The extent of the mould growth in test 13 was quite substantial 
compared with that during test 11. 
The variations in the drying air conditions are illustrated in fig. 5.35. The figure clearly 
shows that during the first day of drying, no significant differences between the plenum, 
the chamber and the chimney air temperatures were observed. However, on the subsequent 
days the mean drying chamber and plenum air temperatures recorded were consistently 
lower than the chimney air temperatures. The hourly exhaust air relative humidity values 
recorded were consistently higher than the corresponding ambient air values. The 
magnitude of the exhaust air relative humidity is an indication of the amount of moisture 
evaporated from the product. The fact that its values remained well above those of the 
ambient over the entire duration of the test is suggestive that the drying chamber was 
saturated with vapour over the length of the test. The mean value of the exhaust air relative 
Chapter 5 Experimental results and discussion. 
199 
humidity recorded over the duration of the test was 48.6% compared to the ambient mean 
value of 39.4%. 
The variation in the mean moisture content with time is illustrated in fig. 5.36. It can be 
seen that, over the period of the test, the mean moisture content of the product was reduced 
from 201.7% to 21.1% (dry basis) in twenty-one hours. The nocturnal moisture loss over 
the period accounted for about 23.9% of the total amount of moisture removed from the 
product to bring it to a final moisture content of 21.1%. Figures 5.37 and 5.38 illustrate the 
variation in the hourly drying rates with time and moisture content, respectively. The 
drying rates were lower than the corresponding values achieved during test 11 and 12 (see 
figs. 5.30 and 533). The cumulative normalised drying efficiency was evaluated and 
found to be 7.5% lower than the value obtained in test 6, for instance. However, the pick - 
up efficiency was evaluated and found to be 28.2%. Though the drying air conditions in 
test 13 was no better than the conditions of the drying air in test 6, the higher pick-up 
efficiency realised in test 13 suggests that, the drying potential of the heated air was better 
utilised than in test 6. It is noted from the above that, the pick-up efficiency is perhaps 
most useful for evaluating the performance of a dryer used to dry different quantities of the 
same commodity. It would not be misleading to postulate that, it would be most important 
performance parameter in judging the performance of two or more dryers employed in 
drying the same product. The pick-up efficiency of 28.2% achieved in test 13 compares 
very well with the suggested optimal value of 30% for a dryer. Perhaps, the optimal load 
capacity for the dryer studied was in of ect around 3 kg. 
4uality of the Tied products 
Results from this study show that the peak air temperature observed in any of the tests was 
less than the recommended temperature ranges of 75° C and above (Cheema, 1978) at 
which the enzyme linamarase which produces the highly poisonous hydrocyanic acid in 
cassava is completely destroyed. No detailed pathological evaluation of the dried product 
was undertaken. However, visual examination of the products dried during the tests 
showed mould growth on the surface of the product in tests 11 and 13. The mould growth 
observed in test 13 was more severe than that realised in test 11. For test 11, the mould 
growth was higher on the middle layer than the bottom layer. The product dried on the top 
bed in test 11 showed no significant traces of mould growth. 
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The growth of the mould on the product surfaces during tests 11 and 13 may be attributed 
to the poor conditions of the drying air in contact with the product and/or excess drying 
load. Excess drying load is definitely not the cause for the mould growth observed in test 
11. For example, in tests 4 and 8 greater loads (1430g and 1023.3g of cassava chips) were 
dried but no mould growth was detected. From Table 5.7, it can be seen the drying air 
conditions in test 11 were in some respects less favourable compared to the conditions in 
test 12, where no mould growth was observed. It can consequently be postulated that the 
poor air circulation and higher air relative humidity were responsible for the mould growth 
observed in test 11. 
In test 13, the ambient air temperature and relative humidity values recorded were between 
21.6-25.5° C and 32.347.3% with corresponding average values of 24.6° C and 39.4%, 
respectively. The mean air temperatures in the plenum, chamber and chimney were 31.7, 
32.8 and 33.8° C, respectively. The mean exhaust air relative humidity and mass flow rate 
were 48.6% and 0.0145 kg/s, respectively. A cursory look at the test conditions that 
prevailed during tests 7,12 and 13 shows that, the mean air conditions in test 13 were 
somehow better compared to the conditions observed in tests 7 and 12 (Table 5.6 and 5.8). 
However, no mould growth was observed in either test 7 or 12. The mould growth 
observed in test 13 is therefore attributable to the higher product load in relation to the 
drying air conditions experienced. It can be presumed that the 3 kg of wet cassava placed 
in the dryer was perhaps slightly on the higher side than would be allowed for a drying 
surface area of 0.16 m2. Really, the loading density of 18.75 kg/m2 employed during test 
13 was far more than the recommended maximum layer density of 15 kg/m2 (Keey, 1972) 
for rapid drying of cassava chips and hence the likely cause for the mould growth. 
Table 5.7: Mean drying air conditions observed during tests 11 and 12 
Drying air condition 
Mean ambient air temperature (° C) 
Mean ambient air relative humidity (%) 
Mean exhaust air relative humidity (%) 
Mean plenum air temperature (° C) 
Mean chimney air temperature (° C) 
Mean drying chamber air temperature (° C) 
Mean mass flow rate (kp-/s) 
Test II Test 12 
23.6 24.1 
52.7 48.6 
43.9 43.1 
31.8 32.6 
35.6 35.6 
34.3 31.9 
0.0132 0.0145 
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Figure 5.20: Variation in the drying rate of cassava chips with time during tests 7,8 and 9. 
Figure 5.19: Mean drying curves for tests 7,8 and 9 
Chapter 5 Experimental results and discussion. 
204 
0 50 100 150 
Moisture content /(%, d. b ) 
200 250 
Figure 5.21: Variation in the drying rate of cassava chips with moisture content during tests 7,8 and 9. 
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Figure 5.22: Variation in the cumulative normalised drying efficiency with time during 
tests 7,8 and 9 
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Figure 5.23b: Variation in the drying air conditions with time during test 10. 
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Figure 5.24: Variation in the air mass flow rate with time during tests 9 and 10. 
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Figure 5.25: Changes in the product moisture content with time during tests 9 and 10. 
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Figure 5.26: Variation in the drying rate of cassava chips with time during tests 9 and 10. 
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Figure 5.27: Variation in the drying rate of cassava chips with moisture content during 
tests 9 and 10 
-"- test9 
-o- test 10 
Chapter 5 Experimental results and discussion. 
208 
- 40 t>:, «% b 
0 
lo + i 
0 
-- Atoplaer 
-- Btoplayer 
-A - Bmüdlayer 
-{}- Bbotlayer 
-x- Tambient 
-O- Rhinlet 
iaIi 
5 10 15 20 
Taneýýlnurs) 
Figure 5.28: Variation in the drying air conditions with time during test 11. 
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Figure 5.29: Variation in the product moisture content with time during test 11 
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Figure 5.30: Variation in the drying rate of cassava chips with time during test 11. 
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Figure 5.31: Variation in the drying rate of cassava chips with moisture content during 
test 11. 
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Figure 5.32: Variation in the moisture content of cassava chips dried in two layers with 
time during test 12 
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Figure 5.33: Variation in the drying rates of cassava chips dried in two layers with 
moisture content during test 12. 
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Figure 5.34: Variation in the ambient air relative humidity and the temperature profile of 
the drying air inside the drying chamber with time during test 12. 
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Figure 5.35: Variation in the ambient and exhaust air relative humidity and drying air 
temperature profile inside the dryer with time for test 13. 
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Figure 5.36: Variation in moisture content of cassava chips with time during test 13. 
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Figure 5.37: Variation in the drying rate of cassava chips with time during test 13. 
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Figure 5.38: Variation in the drying rate of cassava chips with moisture content during 
test 13. 
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5.2 Field experimental study: results and discussion 
The field experimental study was carried out, in Ghana, on a commercial-scale MNCSCD 
from 1700 (local time) on 1 October 1997 to 1715 on 14 October 1997. Unlike the laboratory 
experiments, tests were carried out on the dryer under load conditions only because of the 
limited time. Three drying tests, hereinafter referred to as Tests 1,2 and 3, were conducted 
over the relatively short experimental period. During each test, the dryer was loaded with 
cassava freshly harvested. The total initial crop weights of the cassava chips dried (in the 
dryer) during tests 1,2 and 3 were 49.1,65.9 and 161.5 kg, respectively. To compare the 
dryers' performance with an open-air sun drying, a control experiment was undertaken during 
test 1 by drying 49.1 kg of cassava chips spread on a mat of area 4.6 m2 placed on a raised 
platform. The initial moisture content of each batch of cassava dried was determined by the 
oven method. A representative sample of the cassava for each test was taken to a local 
secondary school science laboratory, about one kilometre away from the test site, for the 
moisture content determination. The initial crop moisture contents during tests 1,2 and 3 
were found to be 163.2%, 177.8% and 166.7% (dry basis), respectively. 
The daily average values of the wind speed recorded over the period is provided in table 5.9. 
The daytime and nocturnal average values of the parameters measured over the test period is 
provided in Table 5.10. The daily daytime and nocturnal average values of the systems' 
Parameters measured are provided in tables 5.11 and 5.12, respectively. An overview of the 
mean hourly values of the prevailing weather conditions and the day to day performance of 
the dryer during each test is provided for tests 1,2, and 3 in Tables 5.13,5.14 and 5.15, 
respectively. 
Wind speeds recorded over the period were generally low, though varying widely with time; 
its values ranged between 0.2 and 1.4 m/s (Tables 5.13-5.15), with an average value of 
0.72 m/s (Table 5.9). An implication of the low wind speed is perhaps the lower convective 
heat losses from the cover material (glazing) of the air-heater. 
Figures 5.39 to 5.52 show the variations in the measured average 
hourly weather conditions 
and systems' parameters with time of the day, over the entire duration of the tests. 
Summaries 
of the drying data for tests 1,2 and 3 are provided in Tables 5.13,5.14 and 
5.15, respectively. 
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The variation in the measured average hourly values of the total insolation is shown in fig. 
5.39. The hourly values of the insolation recorded between 0700 and 1800 hours (day-time) 
over the entire experimental period ranged between 1.625 and 994 W/m2, with an average 
value of 341 W/m2. The fluctuations in the levels of insolation recorded over the test period 
was due to the variable cloud cover. The day-time daily mean global insolation over the 
period varied between 121-500.3 W/m2 (Table 5.11). The lowest global day-time insolations 
were recorded during tests 2 and 3 on 10 October 1997. The measured values ranged between 
18.5 and 266.4 W/m2 with an average of 121.4 W/m2, while the maximum day-time hourly 
average value of 500.3 W/m2 was recorded on 12 October 1997 with the hourly values 
varying between 35.6 and 936 W/m2 (see fig. 5.39). 
The average hourly variation in the ambient air temperature over the period of the tests is 
shown in fig. 5.40. The effect of the fluctuations in the global insolation on the ambient air 
temperature is evident from figs. 5.39 and 5.40. It can be observed that, the ambient air 
temperatures peak and fall in agreement with global insolation variation over the day. The 
daily mean ambient air temperature over the test period varied from 26.1° C to 31.7° C during 
the day and 22° C to 24.8° C during the nights (Tables 5.11 and 5.12). Mean daytime and 
nocturnal ambient air temperatures over the entire period were respectively 30.1° C and 
24.1° C with corresponding peak values of 35.4° C and 26° C. 
The hourly variations in the ambient air and drying air relative humidity values over the 
duration of the test are illustrated in figs. 5.41 and 5.42. The daily mean of the ambient air 
relative humidity over the test period varied from 52.1% to 75.7%. Mean ambient air relative 
humidity recorded over the entire period was 60.9% with a peak value of 85% recorded on 7 
October 1997. The effect of the fluctuations in the global insolation on the ambient air and 
drying air relative humidity is evident from figs. 5.39,5.41 and 5.42. The variation of 
ambient air and drying air relative humidity with insolation shows a strong linear correlation 
(see fig. 5.43) with correlation coefficients (R) of 0.97 and 0.85 for the ambient and drying 
air, respectively. The mean ambient air relative humidity value of 60.9% recorded over the 
test period was generally higher than the recommended value of 60% for fast drying of 
cassava chips (Cheema, 1978), however, the mean drying air relative humidity recorded at the 
outlet of the air-heater was 43.1% (Table 5.10). For the purpose of 
drying cassava under such 
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humid conditions, the need for an air-heater to supply pre-heated air at reduced relative 
humidity into the drying chamber is evident. 
The daily mean drying air temperatures recorded inside the plenum were between 30.1° C and 
41.5° C compared with the daily mean ambient air temperatures of between 26.1 and 31.6° C 
(Table 5.11). The mean day-time plenum air temperature elevation above the ambient, over 
the experimental period, ranged from 4.0 to 9.5° C compared with the corresponding nocturnal 
values of between 1.8 and 3.1° C (see Tables 5.11 and 5.12). The diurnal variations in the 
plenum air temperature is shown in fig. 5.44. The results indicate that the range of drying air 
temperatures recorded for the dryer studied were within the desired limit 70° C for the drying 
of cassava (Imre, 1997). The results further indicate that the daily mean nocturnal plenum air 
temperatures were between 24.5 and 27.5° C compared with the ambient nocturnal air 
temperatures of between 22 and 25.2° C. Though there were heat losses from the system to 
the surrounding at night, over the test period the mean nocturnal plenum air temperature's 
were consistently higher than ambient air temperatures by about 1.5-4.8° C, approximately. 
The higher nocturnal plenum air temperatures attained compared to the ambient air 
temperatures are desirable for drying purposes. Comparing the nocturnal temperature 
elevations inside the dryer (between 1.8 and 3.1° C) and the corresponding day-time 
temperature elevations of 4.0-9.5° C, it could be said that the thermal mass of the system acts 
effectively as a heat storage equipment. The heat stored in the thermal mass during the day is 
subsequently released at night thus maintaining the temperature inside the chamber well 
above the ambient temperature. 
The variations in the average hourly drying air temperatures exiting the upper and lower 
channels of the SPDDSAH are illustrated in figs. 5.45 and 5.46, respectively. Comparing 
figs. 5.45 and 5.46 it can be seen clearly that, during the daytime the temperature of the heated 
air exiting the upper channel is consistently higher than the temperature of the drying air 
exiting lower channel. The reverse phenomenon is observed at night. The daytime values of 
the mean temperature of heated drying air exiting the upper and lower channels of the air- 
heater were 40.2 and 35.4° C, respectively, compared with nocturnal values of 
24.9° C and 
26.5° C. Though the top and the bottom channels were of equal depth, the temperatures of the 
air recorded at the outlet of the upper channel were consistently 
higher than the air 
temperatures measured at the outlet of the lower channel. Differences of up to 
12.1° C were 
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observed. This experimental observation is at variance with the theoretical predictions by 
Ong (1995a) and Pawar et al (1994). However, a similar trend of experimental results have 
been reported from studies on a SPDDSAH (Ong, 1995b). The theoretical models of 
Ong (1995a) and Pawar et al (1994) need some modification, if they are to be employed for 
predicting the performance of SPDDSAH's. 
The variations in the mean hourly air velocity at the outlets of the channels (i. e. the top and 
bottom channels) are shown in figs. 5.47 and 5.48. From figs. 5.47 and 5.48, it is observed 
that the hourly values mean air speed recorded at the outlet of the top channel were 
consistently lower than the airspeed at the outlet of the bottom channel. The mean air 
velocities measured at outlets of the top and bottom channels during the day were between 
0.09-0.19 m/s and 0.12-0.24 m/s, respectively. These observed velocities are in the lower end 
of the range of typical values of 0.2-0.4 m/s reported by Macedo and Altemani (1978) 
following their extensive experimental investigation on differing constructions of natural 
convection solar air-heaters not connected to any drying chamber. Whereas the values 
obtained in this study are lower than those reported by Macedo and Altemani (1978), it can be 
argued that the results are reasonable considering the combined effect of the pressure drop 
offered by the drying chamber and the heat losses through the numerous openings observed in 
the air-heater. These losses contributed to the lower air velocities recorded. 
The variations in the mean temperatures of the components of the air-heater are shown in figs. 
5.49 to 5.51. It can be seen clearly that, during the day the absorber plate temperature is 
consistently higher than cover plate temperature which is in turn greater than the base plate 
temperature. The nocturnal values of the base plate temperatures recorded were consistently 
greater than the absorber plate temperature; while the absorber plate temperatures were also 
consistently higher than the cover plate temperatures. The reversal in values of the nocturnal 
plate temperatures is due to the fact during the day the base plate (plywood) stores up energy 
and releases it at night thus acting as heat sink during the day and a heat source during the 
night. The air-heater component temperatures peak and fall in agreement with the fluctuation 
in the insolation. 
The drying results of test 1 are presented in Tables 5.13 and 5.16. It 
is clear that the product 
placed in the dryer dried at a faster rate than the open-air sun 
drying. Within four days of 
Chapter 5 Experimental results and discussion 
218 
drying, the cassava chips placed in the solar dryer reached a moisture content of 20.9% (dry 
basis) compared to a value 39.6% attained in the open air sun drying. At the end of the fifth 
day, the moisture content of the sun dried product was 33.6% when the experiment was 
terminated. Notwithstanding the overall slow rate of drying by the traditional sun drying 
method, no appreciable difference was observed in the drying rates of the product dried in the 
solar dryer and in open-air during the first day of drying (Table 5.13). The final product 
moisture content at the end of the first day of drying were 95.3 and 97% in the solar dryer and 
in the open air sun drying, respectively. From the second day onwards, it is observed that the 
drying rate of the product in the dryer was significantly higher compared to the drying rate of 
the product dried in open air. These observations can be explained as follows: During the 
early stages of drying, free water is extracted from the product and therefore air now rate 
exerts an important influence on drying. Hence, the ambient wind speed of 0.8 m/s was 
sufficient to sustain the higher drying rates within the first day during the open-air sun drying. 
The comparable higher drying rates observed in the open-air sun-drying during the first day 
could also be attributed to the higher insolation values (Table 5.11). However, in the latter 
stages of drying bound water inside the product is evaporated. The higher rate of drying of 
the solar dried product is attributable mainly to the relatively higher drying air temperature 
and lower air relative humidity inside the drying chamber. The mean wind speeds were 
comparatively higher during the second and fourth days of drying, nonetheless slower rates of 
drying were observed for the product dried in the sun. It is suggested from this observation 
that in the latter stages of drying of cassava, at moisture contents less than 100% dry basis, air 
speed has practically no influence on the drying kinetics. As the drying proceeds the transfer 
boundary moves further inside the product. Temperature therefore exhibits a very great 
influence on the drying rates in the later stages of drying. Increasing the temperature of the air 
reduces the partial pressure of the water in the air, and increases the saturation pressure at the 
product-air interface. For this reason, from the second day onwards the air inlets can be 
partially closed. This will cause a reduction in the air flow rate and subsequently an increase 
in the temperature of the heated air at the exit of the air-heater. 
In test 2,65870 grams of cassava chips were placed on two top beds covering a total area of 
6.24 m2 thus maintaining loading density 10.6 kg/m2 . From Table 
5.17, it is observed that 
the crop moisture content was reduced from an initial value of 177.8% to a final value of 
20.5% at the end of the fifth day of drying. The slow rate of drying recorded for this test 
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compared to the preceding test can be attributed mainly to the higher relative humidity of the 
drying air recorded during this test (especially on the third day of drying) though, in addition, 
the crop used in this test had a higher initial moisture content than in the preceding test. 
Table 5.18 shows the results of the drying experiment for test 3. As stated earlier, 81 kg and 
80.5 kg of cassava chips were placed on the top and bottom layers, respectively, with each 
batch covering an area of 5.4 m2. The product on the bottom shelf was placed vertically 
below what was on the top bed. Comparing the moisture contents values presented in table 
5.18, it is clear that during the first day, the cassava on the bottom bed dried faster than the 
product on the top bed. The cassava placed on the bottom shelf dried to a moisture content of 
141.9% compared to a value of 144.2% attained by the product on the top bed. Whereas the 
product on the top bed receives higher direct solar radiation compared with that placed on the 
bottom shelf; the cassava chips placed on the bottom bed were subjected to a better circulation 
of drying air through the crop bed than the product on the top bed. The faster rate of drying 
observed on the first day for the product on the bottom bed suggests that during the first day 
(early stages of drying), as stated earlier, the convective heat flux controlled the drying 
kinetics. From the second day onwards, the top bed dried at a faster rate than the bottom bed. 
Since the product on the top bed absorbs much more direct solar radiation than the bottom 
layer, and since the air above it is also warmer, these combined effects account for the higher 
drying rates of the top bed from the second day onwards, as is shown by the result. In four 
days, 161.5 kg of cassava chips were reduced from a moisture content of 166.7% (dry basis) 
to a mean moisture content of 20.7% suggesting that the drying was higher compared with the 
rate of drying in test 2. From the view point of increased throughput per drying batch and 
faster drying rates, two layer drying is recommended as a follow up of the experimental 
results attained. 
In general, the drying results obtained from this study compare favourably with other solar 
drying tests using cassava. Drying periods of between 1-6 days for cassava have been 
reported (Ezekwe, 1981; Ayensu and Bondzie, 1986; Roa, 1974; Fleming et al, 1986) 
in the 
literature using differing constructions of solar dryers. Based on the average 
daily insolation 
of 341.3 W/m2 over the period of the experiment, the air-heater efficiency was assessed using 
equation (4.6) and found to be 9.5%. This value is lower than values reported 
in the literature. 
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The significant amount of heat losses through the many small openings in the air-heater 
accounts for the discrepancy. 
The expected drying air temperature rise over the ambient value is an important factor needed 
for the design of a solar air-heater. In this study, the variation of the instantaneous values of 
the mean plenum air temperature rise over the ambient air temperature ( Tf - T. ), recorded 
were correlated to the instantaneous mean hourly values of the solar radiation intensity (H,. ) 
measured over the entire period of the test. A strong linear correlation (see fig. 5.52) of the 
form: 
(Tf - T. ) = 0.0113 H,. + 3.636 (5.2) 
with a correlation coefficient, R of 0.88 was obtained for the day-time temperature rise of the 
plenum air temperature over the ambient air temperature, for the air-heater studied. 
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Table 5.9: Daily mean values of the prevailing wind speed recorded during the field test 
Da yin Oct. `97 23 6 
Speed(m/s) 08 1.0 0.7 1.0 0.5 0.4 08 0.5 0.8 0.6 0.6 
Table 5.10: Average values of the measured parameters over the duration of the test 
Day 
TO Tb Tc TFl TF7 TF T. V1 V7 Rii i PH. RAT) 
ýC) ýC) (oC) (°C) CC) (°C) (oC) m/s m/s (%) 
" (%) W/m2 
wL. 4 36.5 41 
_4 4n ,7 2c d 27A an i ni c nio <n 0 Al I zdi '2 . i. 1 . l/. V JV. a V. a. / V. a/ vV. i ý. /. a Night 25.6 ? 70 23 7 24.9 26.5 26.5 24.1 = 0.01 -' = 0.054 Values manually recorded during the day. hence noctana values were not recorded. 
Table 5.11: Daytime` daily mean values of measured parameters. 
Day T, Tb Te Tf. 1 TL2 Tr T. VI V2 RI1, i RH, o HT CC CC) CC) CC) CC) CC) m/s m/s (%) (%) W/m2 2 Oct 46.9 39.4 46.1 443 383 41.2 31.7 0.145 0.181 52.1 34.9 488.1 3 Oct 45.1 38.5 44.0 42.1 37.2 393 31.6 0.160 0.200 58.6 38.3 398.6 4 Oct 41.1 36.0 39.9 38.7 34.8 36.2 30.2 0.133 0.166 58.2 43 294.3 5 Oct 40.4 35.3 39.6 39.1 34.6 36.3 29.7 0.120 0.142 56 42.8 289.6 6 Oct 40.5 35.6 39.9 38.6 34.4 36.2 29.0 0.163 0.203 59.7 40.3 326.8 7 Oct 40.8 34.9 39.6 38.4 33.8 36.4 29.1 0.177 0.230 70 60 122.8 8 Oct 45.4 38.3 43.9 42.1 37.1 39.8 31.1 0.187 0.239 60.1 36.3 424.0 9 Oct 44.5 38.0 43.8 42.7 36.9 38.9 30.9 0.127 0.156 62.5 39.5 389.9 10 Oct 31.9 30.3 30.9 30.8 293 30.1 26.1 0.092 0.115 75.7 66.7 121.4 11 Oct 40 34.4 38.8 37.9 33.3 35.6 28.5 0.189 0.231 63.0 47.6 343.5 12 Oct 47.7 39.6 46.9 45.4 38.7 41.5 31.6 0.140 0.171 53.1 28.6 500.3 13 Oct 44.4 37.8 Al 'I 42.1 36.7 39.7 31.3 0.187 0.225 59.3 35.0 396.3 The day-time as used in this curly represents the period between 0700 and 1800 hours. 
Table 5.12: Nocturnal" daily hourly mean values of measured parameters 
Day 
1 Oct 
2 Oct 
3 Oct 
4 Oct 
5 Oct 
6 Oct 
7 Oct 
8 Oct 
9 Oct 
10 Oct 
11 Oct 
12 Oct 
TC Tb Tc TE I TC 2 Tf T. V2 IIT ýC) (°C) iC) (°C) (°Cl (m/s) (W/m2 
25.9 28.3 24.0 25.. 1 26.7 27.0 24.1 0.007 0.281 
25.6 
26.. 0 
25.5 
26.2 
23.4 
26.2 
26.8 
26.3 
23.9 
25.4 
25.3 
283 
28.5 
27.8 
28.3 
26.0 
28.1 
28.9 
28.6 
25.9 
27.4 
28.2 
3 Oct 1 26.4 28.7 24.4 25.6 
23.7 
24.3 
24.1 
24.6 
22.0 
24.7 
25.2 
24.7 
22.8 
24.1 
23.8 
24.8 
8 
0.022 
0.015 
0.010 
0.013 
0.018 
0.006 
0.008 
0.015 
0.016 
0.002 
0.016 
0.017 
9 
0.045 
0.033 
0.015 
0.020 
0.031 
0.029 
0.079 
0.012 
0.016 
0.079 
0.057 
0.001 
The nocturnal Period as used in this study represents the period between 1800 hour and 0700 hours. 
- Nocturnal values of VI, RH. i and RHo were not recorded and therefore their columns in table 5.12 have been omitted. 
23.2 
23.8 
23.6 
24.5 
21.6 
24.5 
24.9 
24.3 
22.1 
23.7 
23.2 
24.6 
25.2 
24.7 
25.5 
22.6 
25.7 
26.2 
25.7 
231 
24.7 
24.6 
4 
26.5 
26.9 
263 
26.9 
243 
27.0 
27.6 
27.2 
24.6 
26.1 
26.5 
27.2 
5 
26.8 
26.8 
26.4 
27.1 
24.5 
27.0 
27.5 
27.1 
24.6 
26.2 
26.7 
27.4 
10 11 12 13 
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Table 5.16: Summary of the field drying aperiment: TEST I 
Datei Time(hours) Weight of product (vn mmes Moisture cc 
Solardryer Onen air Solar dryer 
2 October 1997 
1115 
1715 
I Octobcr 1997 
0815 
1715 
4 October 1997 
0715 
1715 
5 October 1997 
0831 
1731 
6 October 1997 
0805 
1505 
Chapter 5 
Solar djycr 
49100 
Open air 
49100 
36440 36830 
32910 35500 
27180 31000 
26498 30300 
24556 28250 
24209 27750 
22569 26000 
25800 
24500 
Experimental results and discussion 
163.2 
95.3 
76.4 
45.8 
42 
31.6 
29.7 
20.9 
content %, dry basis 
Open air 
163.2 
97.2 
90.1 
66.1 
62.3 
51.5 
48.8 
39.3 
38.3 
31.2 
229 
Table 5.17: Summary of the field drying experiment: TEST 2 
Day / Time (hours) 
8 October 1997 
1300 
1735 
9 October 199 7 
0915 
1715 
10 October 1997 
0930 
1800 
1I October 1997 
0900 
1800 
12 October 1997 
0810 
1710 
Weight of crop (grammes) 
65870 
51736 
38014 
34011 
31176 
Moisture content (% dry basis) 
177.8 
118.2 
60.3 
43.4 
31.5 
28576 20.5 
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Table 5.18: Summary of field drying experiment: - TEST 3 
Date / 
time of day(hours) 
10 October 1997 
0930 
1230 
1530 
1800 
11 October 1997 
0900 
1200 
1500 
1800 
12 October 1997 
0810 
1110 
1410 
1710 
13 October 1997 
0815 
1115 
1415 
1715 
Weight of product (grammes) 
Dryer Drycr 
bed) (bottom bed 
81000 
79608 
77079 
74195 
80469 
78685 
176018 
72986 
69155 67818 
63319 62636 
56442 56318 
54099 54264 
49882 49572 
45609 45685 
42047 42281 
40366 40393 
39704 39718 
38333 38243 
37403 37375 
36576 36610 
Moisture content (%, dry basis) 
Dryer 
'on bed 
Dryer (bottom 
bed) 
166.7 
162.1 
153.8 
144.2 
166.7 
160.7 
151.9 
141.9 
127.7 124.7 
108.5 107.6 
85.8 86.6 
79.8 79.8 
64.3 64.3 
50.2 51.4 
38.4 40.1 
32.9 33.9 
30.7 31.6 
26.2 26.5 
23.1 23.5 
20.4 21.3 
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Figure 539: Variation in the hourly insolation with time of day recorded over the 
experimental period at Agona-Asafo, Ghana (2 - 14 October 1997) 
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Figure 5.40: Variation in the ambient air temperature with time of 
day recorded over the 
experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.41: Variation in the hourly ambient air relative humidity with time of day 
reed over the experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.42: Variation in the hourly heated air relative humidity at outlet of the primary 
collector with time of day recorded over the experimental period at Agona-Asafo, 
Ghana 
(2-14 October, 1997). 
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Figure 5.43: Variation in the daily mean values of the ambient and heated-air relative humidity with time of day recorded at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.44: Variation in the hourly average values of the heated-air temperature with time of day recorded inside the plenum over the experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
Chapter 5 Experimental results and discussion. 
234 
02 
top channel 
468 10 12 14 16 18 20 22 24 
The of day /( tour ) 
" 01-Oct 
- -2Oct. 
"3 Oct. 
x4 Oct. 
x5 Oct. 
-+- 6 Oct. 
+7 Oct. 
08-Oct 
09-Oct 
-0- 10-Oct 
o 11-Oct 
a 12-Oct 
-x- 13-Oct 
0 14-Oct 
Figure 5.45: Variation in the top channel outlet air temperature with time of 
day recorded 
over the experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.46: Variation in the bottom channel outlet air temperature with 
time of the 
recorded over the experimental period at Agona-Asafo, 
Ghana (2-14 October, 1997). 
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Figure 5.47: Variation in the heated air velocity at the outlet of the bottom channel with time of day recorded over the experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.48: Variation in the heated air velocity at the outlet of the top channel with time 
of day recorded over the experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.49: Variation in the cover plate temperature with time of day recorded over 
the 
experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.50: Variation in the absorber plate temperature with 
time of day recorded over 
the experimental period at Agona-Asafo, Ghana (2-14 
October, 1997). 
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Figure 5.51: Variation in the bottom plate temperature with time of day recorded over the 
experimental period at Agona-Asafo, Ghana (2-14 October, 1997). 
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Figure 5.52: Variation in the total mass now rate at inlet to the 
drying chamber with time 
of day recorded over the experimental period at Agona-Asafo, 
Ghana 
(2-14 October, 1997). 
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Figure 5.53: Variation of plenum air temperature rise above ambient with solar radiation intensity recorded over the experimental period at Agona-Asafo, Ghana (2 - 14 October, 1997). 
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CHAPTER SIX 
COMPUTER SIMULATION: PROGRAMS, RESULTS AND DISCUSSION 
6.0 Computer simulation programs 
A complete testing of the air-heating and drying mathematical models developed in chapter 
4 to 
predict the expected performance of the system was carried out by means of two computer 
simulation programs- SAH and LAYER- written using FORTRAN 77. The program SAH 
is for 
studying the performance of the air-heater and it includes four subroutines-RADTNA, GETSIX, 
GETFUR and SYCHART. The program LAYER, serves to determine the average temperature 
and moisture content variation of the material being dried and the variation in the properties of 
the drying air. The following data are required as user-supplied or internally-generated 
input in 
the execution of the program LAYER. 
a) the temperature of heated air entering the drying chamber which is equal to the mean 
temperature of the air exiting the air-heater, 
b) the average operating temperatures of the air heater components, 
c) the relative humidity of air entering the drying chamber, 
d) the velocity of heated air entering the drying chamber, 
e) the intensity of solar radiation reaching the dryer, 
f) the physical and transport properties of the material to be dried, 
g) the ambient conditions (temperature and relative humidity of ambient air, and the wind speed) 
h) the physical and thermal properties of the materials used for constructing the dryer, and 
i) the dimensions of the system (length to width ratio, overall depth, and the top to bottom 
channel depth ratio of the air-heater, width to breadth ratio, the volume, and height to 
breadth 
ratio of the drying chamber-, as well as the dimensions of the chimney). 
In the main program LAYER, SAH is a subroutine, however each of the 
two computer 
simulation programs can be run independently. The main program 
co-ordinates all the 
subroutines as illustrated in fig. 6.1. To run LAYER independent of 
SAH, we need to enter 
manually values of items (a) to (e) above instead of calling their corresponding 
values from 
Chapter 6 Computer simulation: programs, results and 
discussion. 
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subroutines SAH, GETSIX, SYCHART, GETFUR and RADTNA respectively. The listing of 
the main computer simulation program, LAYER, is provided in Appendix B. 
All the variables in the main prpg s and subroutines are declared as double precision. 
This is 
to minimise the numerical errors associated with the calculations of very small quantities and 
minimise the overall programming errors 
SAH- calculates the 
temperature and mass 
flow rate of the heated 
air entering the drying 
chamber 
4 
GETSIX- calculates 
avearge operating 
temperatures of air- 
heater components 
RADTNA- calculates the 
intensity of solar 
radiation reaching the 
dryer 
A 
LAYER- main program for simulating the drying 
process and evaluating the dryer performance 
Figure 6.1: Schematic illustration of the co-ordination between the main 
program LAYER and 
the subroutines SAH, GETFUR, GETSIX, SYCHART and RADTNA 
Chapter 6 Computer simulation: programs, results and 
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6.1 Air-heater performance simulation 
The mathematical model developed for the air heating process was tested by comparing the 
predicted Performance indicators with the experimentally determined values. In simulating the 
Performance of the laboratory air-heater, the FORTRAN computer program SAH was run for the 
three configurations experimented on during the laboratory tests (see chapter 3). In the case of 
the commercial-scale dryer, only one computer simulation was executed for the configuration 
corresponding to what was used during the field experiment. Figure 6.2 is a flow-chart of the 
FORTRAN program for simulating the performance of the air-heater. 
The performance of the air-heater was simulated using constant operating values of the incident 
energy input and ambient air conditions. This approach was adopted since the air-heating 
mathematical model was developed based on the operation of the system under constant average 
ambient air conditions and operating temperatures of the air-heater components. In the 
laboratory model, the `solar simulator' provided an average incident radiation of 464 W/m2 on 
the plane of the collector, while in the commercial-scale model, the mean of the daily hourly 
values of the radiation recorded over the period of the experiment was taken as the constant solar 
energy input. 
In section 6.1.1, simulation results are presented and compared with the experimental results of 
both the laboratory and commercial-scale field air-heaters. In section 6.1.2, the results of 
Parametric studies on the laboratory air-heater using the computer simulation model are 
presented and their implications are discussed. 
A list of materials and their properties used in the simulation of the laboratory model and in the 
commercial-scale air-heaters is provided in Table 6.1. 
Table 6.1: Characteristics of laboratory and commercial-scale air beaters. 
Laboratory air-heater 
Cover plate (glazing): 6 mm thick glass sheet, ac = 0.12, sc = 0.88, and c,, = 
0.94. 
Absorber. 1 mm thick galvanised-steel sheet, a, = 0.96, and c, = 
0.96 
Back-plate: 
12 mm thick plywood sheet, £b = 0.93, and 
k=0.12 W/m K 
Air channel overall depth: 75 mm Inclination: 
8° (ß) with the horizontal Side walls: 20 mm thick hardwood (oak e=0.92, and 
k =0.17 W/m K 
Chapter 6 Computer simulation: programs, results and 
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Commercial 
are hrr Cover plate: 3.2 mm poly-carbonate sheet, ace - 0.16, t, = 0.84, and e, = 0.94 Absorber; 
corrugated galvanised sheet painted matt black, ar = 0.96, e, = 
Back-plate: 0.96 
Air heater overall d 
12 mm thick plywood, t: b 0.93, and k=0.12 W/m K 
Inclination: epth' 280 mm 
Side walls: 
8" (ß) with the horizontal facing directly south 
12.5 cm concrete walls, a-0 . 60, ce =0 . 88, and 
k 93 W/m K 
The following are required as additional input data for running the program SAH: the ambient conditions (wind speed, and ambient temperature); the site parameters (latitude, 
empirical constants in the Angstrom-Page regression, number of bright sunshine hours in the 
mean day of the month); miscellaneous parameters (the design day and the initial guess values of the mean operating temperatures of the glazing, absorber and back plates as well as the air mass flow rate). 
61.1 Comparison of the simulation and experimental results 
In this section, a comparison is made between experimental results and simulation data for the laboratory and field air-heaters to determine the accuracy of the predictions of the model. The following variables, were selected to assess the validity of the model. 
i) 
11ý 
111ý 
iv) 
vi) 
vii) 
the mean temperatures of the air-heater components- the glazing, the absorber, and the 
back-plate; 
the mean temperatures of the heated-air at the outlets of the top and bottom channels; 
the mean temperature of the air in the plenum of the drying chamber, 
the mean air mass flow rate at the outlet of the air-heater, 
the relative humidity of the heated-air inside the plenum; and 
the mean value of the solar irradiance. 
The prevailing laboratory and field weather conditions together with the details of the air-heater 
configurations for all the simulation runs are provided in Tables 6.2 and 6.3. For the laboratory 
air-heater, the program SAH was run for three sets of conditions- corresponding to the conditions 
Chapter 6 Computer simulation: programs, results and discussion. 
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of Day 1 for each of the Tests 1.2, and 3 (see Tables 5.1 - 5.3)- and the three air-heater 
configurations, whereas for the field air-heater only one run was performed for the reason 
previously stated. The measured and the predicted values of the above identified variables 
for 
the assessment laboratory and field air-beaters are provided in Tables 6.4 and 6.5, respectively. 
It is observed from Table 6.4 that very reasonable agreement is obtained between the predicted 
and the experimental values of the temperatures of the air-heater components, and of the drying 
air, but the comparison of the mass flow rates are not so good. The percentage difference 
between the measured and predicted values of the operating temperatures of the air-heater 
component were within 9.1% of the experimentally determined values; in the case of heated air 
temperatures, the difference between the measured and predicted values are within 9% of the 
experimental values. For the three runs, the percentage difference between the experimental and 
predicted air mass flow rates were within 12.2% of the experimental values. 
As can be seen from Table 6.5, the predicted values of the operating temperatures of the full- 
scale air-heater components and the fluid temperatures were consistently higher than the values 
measured experimentally by up to 12%. This is perhaps due to the fact that, the model over- 
predicted the solar irradiance by 40.5% of the experimentally determined value. A possible 
explanation for the discrepancy between the measured and the predicted values of the solar 
irradiance is that the exact values of the constants in the Angstrom-Page were unavailable and 
therefore conservative estimates for another site in the same country were used. Another 
possible cause for the discrepancy between the measured and the predicted solar irradiance is the 
influence of extremely low values of the incident solar radiation- of the order of 121 W/m2 - 
recorded on two days during the twelve days over which the experiment was conducted. The 
results show that the simulated air mass flow at the exit of the air-heater approached quite closely 
the experimental results (Table 6.5) within 5.1% of the experimental value. 
It is seen from Tables 6.4 and 6.5 that, in general, the air-heating model is capable of predicting 
the performance of the air-heater with reasonable accuracy. With, the exception of the solar 
irradiance values the difference between the other measured and predicted values are within 
12.2% of the experimental results, and this may be regarded as satisfactory agreement 
considering the fact that a steady state solution is used to estimate an otherwise 
dynamic 
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phenomenon A refinement of the air-heating model could possibly 
be achieved by 
incorporating a term in the model to account for heat capacity of the air-heater components. 
Table 6.2: Values of the prevailing laboratory conditions and air-heater configurations 
ammeter 
Top to bottom channel depth ratio (P) Length to width ratio (Q) 
Ambient air temperature, °C 
Ambient air relative humidity, % 
Wind speed, m/s 
Mean intensity of incident radiation, W/m= 
Area of the air-heater aperture, m2 
Overall depth of the air-heater, mm 
RUNT 
0.364 
1.586 
23.1 
383 
0.01 
464 
0.327 
75 
RUN 2 
1.08 
1.586 
27.1 
40.5 
0.01 
464 
0.327 
75 
Table 6.3: Values of prevailing field conditions and air-heater configurations 
ParametcT Value 
Top to bottom channel depth ratio (P) 1.0 
Length to width ratio (Q) 2.08 
Ambient air temperature, °C 23 
Ambient air relative humidity, % 60.9 
Wind speed, m/s 0.72 
Mean intensity of incident radiation, W/m2 341 
Area of the air-heater aperture, m2 76.23 
Overall depth of the air-heater, mm 280 
Table 6.4: Comparison of the average values of the measured and predicted values of 
the 
laboratory air-heater 
Parameter 
CC 
Tb Tf. I Tt 2 
Cl e c) _ _ý Day 1, test 1 Measured 46.8 56.1 27.5 46.1 
RUN 1 Predicted 43.3 57.0 25.0 42.0 
Difference (t %) -7.1 +1.6 -9.1 -8.9 
Tf 
C 
Rutu 
3.412 
1.586 
26.9 
45.3 
0.01 
464 
0.327 
75 
A 
S 
24.9 27.5 0.0164 
26.2 29.5 0.0144 
+5.2 +7.3 -12.2 
Day 1, test 2 Measured 44.8 54.5 29 38.9 33.2 31.9 0.0123 
RUN 2 Predicted 44.8 56.5 29 36.8 31.8 34.3 0.0130 
Difference` (t %) 0 +3.7 0 -5.4 -4.2 +7.5 
+5.7 
Day 3, test 3 Measured 45.3 52.6 
RUN 3 Predicted 43.4 55.4 
Difference (± %) -4.4 +5.3 
33.1 34.5 38.9 37.1 0.0139 
31.6 34.1 36.1 34.4 0.0145 
-4.5 -1.1 -7.2 -7.3 
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Table 6.5: Comparison of the average values of the measured and predicted values of the full-scale air-heater. 
Measured 
Predicted 
Difference (± % 
a 
1C 
CC 
41.4 
42.1 
+1.7 
Parameter 
Tr 1 TLi Tr 
(0 ei c°c) cQ 
(0 C) t°Q 
rim RH2 
(kg/s) (%) 
RAD 
(W/m2) 
42.4 36.5 40.2 35.4 37.6 0.369 43.1 341 
47.5 373 41.9 39.2 403 0.350 34.8 479 
+12 +21 +4.2 +10.7 +7.2 -5.1 -19.7 +40.5 
The negative Percentage d' erence ind"tes that the pedxtcd value was ks$ than the observed value. and vice versa 
is true for the positive 
difference. 
61.2 Parametric studies on the air-heaters 
In order to optimise the design of the SPDDSAH, parametric studies were conducted on the 
laboratory air-heater using the simulation model. The study was designed to look at the 
factors 
that are within the control of a solar air-heater designer and which can be varied 
in order to 
improve its performance. The focus of the study, therefore, was concerned with determining the 
best air-heater design configuration without compromising on cost. The investigation assessed 
the effect of the following parameters on the performance of the air-heater: 
11) 
111ý 
iv) 
the air flow channel top to bottom depth ratio, P (=s, /s2 ), 
the length to width ratio. Q (=L/W ), 
the overall collector channel depth, s (= s, +s2 ), and 
the area of the primary collector, A. 
Using the same baseline design parameters of the laboratory air-heater (P = 0.364, 
Q =1.586, 
s, = 75 mm and A, - 0.327 m2), the value of any one of these parameters was varied 
keeping the 
others fixed and the effect of this change on the collector's predicted performance was obtained. 
A simulation process of this type was adopted because it is useful in predicting the effect of 
varying any one parameter on the air-heating process. 
Figures 6.3(a) and 6.3(b) show that as the top to bottom channel depth ratio 
is increased (P > 1), 
for a given overall depth, there is an increase in the temperature and a reduction 
in the mass flow 
rate of the heated air flowing through the bottom channel; and the reverse phenomenon occurs 
in 
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the upper channel. As the top to bottom channel depth ratio decreases (P < 1), there is an 
increase in temperature of the air flowing through the upper channel and a reduction in the mass 
flow rate, as expected. However, in the bottom channel there is a decrease in the temperature of 
the flowing air and an increase in the mass flow rate, signifying that bottom losses are minimised 
resulting in an increase in the air flow rate. A decrease in the depth of a channel results in an 
increase in the flow resistance, thus leading to higher temperature of the heated air flowing 
through that channel. As is evident, there is a significant increase in the temperature when the 
upper channel depth is made narrower for a given overall depth, as compared to a similar 
situation in which the lower channel depth is made narrower. The latter behaviour suggests that 
the top losses are minimised as the top channel is made narrower compared to the situation 
where the bottom channel is made narrower. This trend of results is confirmed by the 
experimental results presented in Table 6.4. 
Figure 6.3(c) shows a progressive increase in the efficiency of the air-heater as the top to bottom 
channel depth ratio is increased. Figure 6.3(d) shows that as the top to bottom channel depth 
ratio increases, the normalised relative humidity decreases. The study reveals that increasing 
the top to bottom channel depth ratio above the value of P=1.1 will always result in an increase 
in the mean heated air temperature and mass flow-rate, and a reduction in the normalised relative 
humidity. 
Figures 6.4(a) and 6.4(b) show that an increase in the value of s causes an increase in the mass 
flow rate and a decrease in the temperature of the heated air in both channels. The results can be 
interpreted as follows: an increase in the channel flow area over the baseline value results in 
lower flow resistance and hence a decrease in the temperature of the heated air as the channel 
depth is increased. Figure 6.4(c) shows that an increase in the overall channel depth results in an 
increase in the efficiency. Similar trends have been reported in the literature [10]. The useful 
heat transferred to the heated air flowing through any channel is given by Q. = tC, ZT. Since AT 
decreases as the overall channel depth, s, is increased, the increase in the efficiency for a given 
set of values of P, Q and A, is suggestive that the increase in the mass flow rate outweighs the 
effect of the decrease in the corresponding temperature of the heated air. Thus, mass 
flow rate 
becomes the dominant determining factor governing the performance of the air-heater with an 
increase in the value of the overall collector depth. However, the extent to which s can 
be 
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increased to achieve an increase in collector efficiency is limited since for collectors with a tilt 
angle up to 600, the aspect ratio (- Us) should be between 20 and 200 (Bucherg et al, 1974). 
This restriction places a limit on the maximum value of s for an air-heater of a given area. It 
is 
also significant to note that, with this option, the increase in the useful energy is at the expense of 
reduced temperatures of the heated air and increase in the relative humidity as shown in figs. 
6.4(a) and 6.4(c). Thus, increasing the air-heater overall channel depth will result in heated air 
conditions that are unfavourable for crop drying purposes. On the other hand, it can be inferred 
from the results that in order to achieve a higher air-stream temperature, a small flow channel 
depth is required. However, small flow channel depths will cause large frictional losses over the 
length of the air-heater resulting in a reduced mass flow rate. 
Figures 6.5(a) and 63(b) show that as Q is increased the temperature of the air-stream in the 
channels increases while the mass flow rate decreases. As is evident, the temperature of the air 
in the top channel is always greater than that in the bottom channel, even for a situation in which 
both the upper and the lower channels are of equal depth (see fig. 6.4(a)). An increase 
in the 
value of Q implies a reduction in the value of the width of the collector and consequently an 
increase in the length. Thus, for a given configuration of the air-heater with s, P and A, 
maintained constant, there is a reduction in the area of each of the flow channels. This leads to 
an increase in turbulence resulting in an increase in the mean heated air temperature and a 
decrease in the mass flow rate. 
Figure 6.5(c) depicts a decrease in the efficiency of the air heater with increasing Q. But the 
temperature of the heated air increases as Q is increased and therefore the corresponding 
reduction in efficiency suggests that an increase in the mass flow rate becomes the more 
dominant factor governing the performance of the air-heater than the effect of an increase 
in 
temperature. Reducing the length to width ratio for a given collector is an alternate proposition 
for increasing its efficiency without compromising on cost but it is at the expense of decreasing 
temperatures and increasing relative humidity of the heated air. Figure 
6.5(d) shows that 
increasing the length to width ratio, for a given area, results in lower values of the normalised 
relative humidity. 
Figures 6.6(a) and 6.6(b) clearly illustrate that an increase in the collector area will 
lead to an 
increase in both the temperature and the mass now rate, for a given air 
heater configuration. This 
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option does not necessarily alter the flow channel configuration, but the total solar radiation 
absorbed by the collector is increased and consequently the available energy 
increases. 
However, the efficiency of the collector decreases as the area is increased as shown in fig. 6.5(c). 
The possible explanation for this observation is that the increase in the useful energy 
does not 
match up to the energy supplied. Thus, increasing a collector area for a natural convection solar 
air heater might not necessarily lead to an increase in the collector efficiency. It is clear from 
fig. 6.5(d) that increasing the collector aperture area will result in a decrease in the relative 
humidity of heated air at entry to the drying chamber. For a given total energy collection area of 
a drying system, an increase in the air-heater surface area will imply reducing the cross-sectional 
area of the drying chamber. This option could possibly reduce the crop matter that can be dried 
in the drying chamber per batch. 
It is revealing from the study, that for a SPDDSAH the single modification that can be made to 
achieve an improvement in the performance of the heater at minimum added cost is to consider 
re-positioning the absorber plate to obtain higher values of P. 
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I 
Call subroutine GETSIX and input 
guess values of the following and set 
ambient temperature as inlet 
temperature to the air-heater. 
TO, T, T, m,, rir2 
I 
Input ambient 
temperature 
Call subroutine RADTNA and input 
following parameters for calculation of the 
incident and absorbed solar radiation by the 
absorber and cover 
Y'a a,, ps, (to),, fG,, aºn, n_a""b", 
Pb., a., etc, 
Evaluate the heat transfer coefficients and the sky 
temperature: 
U..,. U., 2. U*, h., h*, hhz, h,, hh,,, hb, 
T 
Call values of : S', S, and Hr 
from subroutine RADTNA Into 
GETSIX 
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Determine the outlet temperatures of heated air from the two flow 
channels in the first section (i. e. T11, T1 
, 2e 
) 
Determine the first estimates of the average 
temperatures of the air-heater components: 
Tr, T, T 
i 
Check differences between the old and 
new values of the temperatures of the 
components. Is 
I? {""') - ?, "CIS 0.001K/ 
Yes 
Calculate air mass flow 
rate through the air-heater 
Replace old component 
temperatures with new 
values 
No---W 
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Replace old mass flow 
rate values with new 
values 
Yet 
Accept new values d mass flow rates. heat transfer coefficients and temperatures 
of the air-heater components as constants for the subsequent sections 
Call RADTNA and GETSIX into the main program SAH 
Calculate heated air temperature at exit of first section 
and set current values as input to the next section. if any. 
Calculate the air-heater energy collection efficiency 
4 
Store data for printing and graphical manipulation 
END 
Figure 6.2: Flow chart of the FORTRAN Program SAH 
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6.2 Simulation of the drying process 
In simulating the performance of the drying process, the computer program 
LAYER, was used. 
The program was run using two of the three possible configurations of the 
laboratory dryer and 
under the prevailing conditions for runs 1 and 3- corresponding to Tests 4 and 
6 of the laboratory 
experiments- as presented earlier in Table 6.2. No simulation was carried out 
for Test 5 for lack 
of the ambient air relative humidity. The other parameters required to specify the material 
properties, the site conditions, the program gimmicks, and the dryer configuration completely 
for 
the simulation of the drying process in addition to those presented in Table 6.2 were set at 
the 
following typical values for the two runs: 
Bulk density, kg/m3 552 
rn__ v 84U a.... a«aPabily UL GIUp, J/Kg rý 
Number nfrm.. l. e, i 1.... _. 
ý .. I 
- -----ý. .. a vavY VGTi 14yG1D 
Estimated time for termination of nroeram. h 30 1 NumhPr r. f;.,,. ýe.., e...., s.,.. j aaawblllGlU4l VGU UG(JU15 
Volume of the 0.082 drying chamber, m3 0.615 Height of the chimney, m Drying chamber width to breadth ratio. (X2 = W/B) 
1.195 
Atmospheric pressure, kN/m2 101.325 
Incremental time between output prints, h1 Drying chamber height to width ratio, (XI = hl/W) 0.982 Ratio of chimney to chamber cross sectional areas (Býh/B) 0.224 
Ratio of the chimney exhaust vent area to the chimney cross section, (X/s m X/Bch) 0.4 
The execution of the program LAYER also calls for user-supplied initial guess values of 
the 
mean air flow rate, mean temperature of the walls of the drying chamber and the mean 
temperature of the air exiting the crop bed. For the purpose of the two runs the values of the 
above were set for all the runs as, 0.1 kg/s, 28° C and 32° C. 
6.2.1 Comparison of the simulation and the experimental results 
The accuracy of the drying process was assessed in teens of the 
discrepancy between the 
following three parameters: 
a) 
b) 
the experimental run time and the predicted time to reach the experimental 
final average 
moisture content, 
the overall drying efficiency calculated using experimental and predicted 
values, and 
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the pick-up efficiency calculated using experimental and predicted values, as presented 
in 
Table 6.6. 
The experimental crop bed moisture content profiles were also compared. Figure 6.6 shows the 
plots of the simulated (predicted) drying histories, which were done by using five terms of the 
diffusion equation (4.63), along with the drying histories observed during the continuous drying 
experiments in the laboratory. Figure 6.7 illustrates the simulated temperature variation of the 
product and of the air-stream temperatures. The figure shows that higher product temperatures 
were obtained in Test 6 compared to values obtained during Test 4. The drying air temperatures 
also increases with time during Test 6 whereas the opposite trend is observed in Test 4. Since 
the vapour pressure in the product increases as the temperature is increased, the product dries 
faster during Test 6 than in Test 4 (see fig. 6.7). Figure 6.6 shows that the simulated drying 
approached quite closely the experimental drying results. 
As can be seen from Table 6.7 and fig. 6.8, the drying process mathematical model provides a 
good approximation of the physical process. For example in Test 4, it took 22 hours to dry 
1458.3 grams of cassava from an initial moisture content of 201.7% (dry basis) to 49.7%, and the 
model predicts that this task can be accomplished within 20.4 hours of cumulative drying time 
with a percentage error of -7.3%. In the case of test 6, it took 22 hours to dry 1460 grams of 
cassava from an initial moisture content of 201.6% (dry basis) to 23.9% dry basis, and the model 
predicts a total drying time of 24.4 hours with a percentage error of+10.8%. The model predicts 
drying and pick-up efficiencies of 10.3% and 9.1% respectively for test 4, while values of 10.1% 
and 10.4% are predicted for test 6. The drying and pick-up efficiencies are within 6.3% and 
11.4% of the experimentally determined values for test 4 and within 7.1 % and 18.6% for test 6. 
The simulated drying results presented here were obtained by using an incremental bed thickness 
equal to the entire crop bed thickness. Several other combinations of the incremental bed 
thickness were used in some trial simulation runs; however, they resulted in slightly more over- 
drying than the results presented here. It was also found that changes in the incremental 
bed 
thickness as well the air-heater incremental length produced significant effects on the 
temperature of the air entering the chamber and hence the drying time. For crop 
bed thickness of 
up to 66 mm investigated a single layer approach gave better results. 
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Table 6.6: Comparison between experimental and predicted values of the cumulative drying time, overall drying and pick-up efficiencies. 
TEST 4 
Experimental 
Predicted 
% Difference 
2.5 T 
1.5 
I 
0.5 
0+ 
0 
Drying 
time 
22 hrs. 
Drying Pick-up 
Efficiency Efficiency 
11% 17.5% 
20.4 hrs. 10.3% 
-7.3 -6.3 
15.5% 
-11.4 
Drying 
time 
TEST 6 
Drying Pick-up 
Efficiency Efficiency 
22 hrs. 12.3% 11.2% 
24.4 10.1% 10.4% 
+10.8 -18.6 -7.1 
5 10 15 20 25 30 35 
Cumulative drying time / (hours) 
Figure 6.7: Comparison between experimental and predicted results of the variation 
in the 
product moisture content with drying time for Tests 4 and 6 of the laboratory 
drying experiment. 
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6.2.2 Parametric studies of the drying system 
The computer simulation model (LAYER) was used to perform parametric studies of the 
MNCSCD with a view to obtaining design options for optimising the performance of such 
dryers. The study was intended to explore and provide a range of conditions under which 
the MNCSCD can perform better than the baseline design conditions. The effects of 
varying the following parameters on the performance of the MNCSCD were considered: 
a) 
b) 
c) 
d) 
e) 
the load capacity of the dryer, 
the thermal capacity of the drying chamber, 
the dimensions of the chimney and the exhaust air vent, 
the volume of the dying chamber, and 
the ratio of the primary to secondary collector areas for a given total energy 
collection area. 
In (a) to (d) above, the effects of the various parameters were simulated under the 
assumption that there is no change in the ratio of the primary to the secondary collector 
areas. In (e), for purposes of comparison, the effect of varying the ratio of the primary to 
the secondary collector areas was examined. A summary of the effects of the above 
Parameters on the air mass flux through the drying bed and the relative humidity of the air 
exiting the crop bed are provided in Table 6.8, whereas the hourly variations of the product 
moisture content, M, ; the temperature of the drying air exiting the crop bed, Tf ; the 
average product temperature, Tr; the drying efficiency, r7, and the pick-up efficiency, 17, 
respectively resulting from the changes in the parameters considered are illustrated in 
figs. 6.9 to 6.17. In all, nineteen simulation runs, designated hereafter as RI through R20, 
were executed. Table 6.7 summarises the cases that have been considered, and the values 
of the changed parameters in all the nineteen simulation runs are provided. The baseline 
values of all the parameters investigated are provided under R1. All the nineteen runs were 
executed using laboratory conditions that prevailed during Test 4. The parameters 
for the 
three different line weights used in figs. 6.9 through 6.17, for the simulation runs 
Rl-R20 
are defined in Table 6.9. For the efficiency curves in figs. 6.9-6.17, the red and the green 
line-styles are used for drying and pick-up efficiencies respectively. 
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Table 6.7: Values of the variable parameters for simulation runs RI to R20. 
Value chanced in the simulation run 
Parameter unit 
wr kg 
m"C' J/K 
hth m 
An- ý a«.. - 
Ya, 
m3 
41 4 
Parameter 
Wr 
M. Cl 
ha 
Aa At 
A.... 1 , 4,... 
Unit 
kg 
J/K 
m 
V... 
A, r/Aý 
m' 
RI R3 
1.458 0.73 
9371 - 
0.615 - 
0.224 - 
0.40 - 
0.082 - 
0.53 - 
R4 R5 R6 R7 R8 R9 R10 
------ 2.5 
4686 18742 - 
0.308 1.23 
0.112 0.448 
ý 
Value of the parameter changed in the simulation run 
R11 R12 R13 R14 R15 R16 R17 R18 R19 
3.0 4.0 
0.2 0.8 
0.163 0.041 
1.0 0.33 2.0 2.0 2.0 
For R2 through R19 the value for each parameter changed in the particular simulation run is provided in table 6.7. The dashed line $ () in the body of the table for a particular parameter for tuns R3 to RI 7 shows that the value of that parameter is equal to the baseline value. 
In fig. 6.9, the model is used to study the performance of the dryer at various load 
capacities, W,.. The results are shown in figs. 6.9(a)-6.9(d) for hourly variation of the Md, 
Tf, T,, rid and j7' respectively. From fig. 6.9(a) it can be seen that as the load is 
increased, the drying rate decreases significantly. For example, when the load is increased 
from the baseline value of 1.458 kg to 2.50 kg, the final product moisture on dry basis 
attained after 30.1 hours is increased from 28.8% to 76.5% respectively. Figure 6.9(a) 
shows that the drying air temperature exiting the crop bed decreases with an 
increase in the 
loading capacity under the same ambient conditions. The effect of the crop 
loading 
capacity on the overall efficiency is also significant; it decreases with an 
increase in the 
crop capacity (fig. 6.9(d)). Figures 6.9(b) and 6.9(c) illustrate that the temperature of the 
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air exiting the crop bed and of the product temperature decrease with increasing crop 
loading density. As a result of the reduction in the product and the air temperatures, the 
vapour pressure of water in the product decreases and in addition the partial pressure of 
water vapour in the surrounding air increases; thus resulting in a reduction in the driving 
force for evaporation of moisture from the crop. Consequently, the drying efficiency 
decreases. The increase in the pick-up efficiency with increasing crop loading density 
suggests that the potential of the air is better utilised with an increase in the loading 
density. However, the pick up efficiency increases with increasing crop loading density up 
to 2.52 kg beyond which the relative humidity of air exiting the drying bed exceeds 100%. 
Therefore, for the present design under the same ambient conditions, the simulation results 
show that loads above 2.52 kg cannot be dried in the drying chamber in a single batch. The 
predicted results show that for loads above 2.52 kg, modifications in either the drying 
chamber andlor chimney configurations arefis required, if condensation is to be avoided. It 
is gratifying to note that by altering the ratio of the primary collector surface area to the 
crop bed surface area from 0.53 in RI to 2.0 (in R18 and R19), for the same total energy 
collection area, condensation is avoided. The simulation runs R18 and R19 suggest that 
crop masses of 3.0 kg and 4.0 kg can be dried from a moisture content of 201.6% dry basis 
to final moisture contents of 30.2% and 56% respectively in 30.1 hours (see fig. 6.16(a)). 
Table 6.8 shows that the relative humidity of air exiting the crop bed for runs R18 and R19 
are 53.8% and 77% respectively. But with the same ratio of drying bed cross-sectional 
area to the primary collector area (i. e. A&/AC) of 2.0, a crop load of 5 l; g resulted in 
RH ft 100%. 
The effects of changing the thermal heat capacity, m"C", of the drying chamber on the 
performance of the dryer were studied in runs RI, RS and R6. Figures 6.10(a) to 6.10(d) 
show that increasing the thermal heat capacity of the drying chamber has no effect on the 
drying results. As can be seen from Table 6.8, an increase in the thermal heat capacity of 
the drying chamber does not have any change in the values of the air mass flux and the 
relative humidity of the air exiting the drying bed. It is seen from fig. 6.10(c) as the drying 
proceeds for all values of m"C" product temperature increases with time. 
Since, the 
model assumes a variation in the temperature of the thermal mass of the drying chamber at 
the same rate as the as the product, it can be inferred that as m"C" 
is increased more 
Chapter 6 Computer simulation: programs, results and 
discussion. 
261 
energy would be stored in the thermal mass of the drying chamber with time during the day 
rather being utilised to further increase the product temperature. The benefit to be gained 
in increasing the thermal mass of the drying chamber of a solar drying system is that the 
energy stored up in the thermal mass during the day is released at night thus extending the 
drying to the non-sunny hours of the day. 
Table 6.8: Values of the air mass flux (t;, ) and relative humidity of the drying air 
exiting the crop bed (RHp;, ) for the various simulation runs 
Values of 0, and RH,.;, for each simulation run 
Parameter R1 R3 R4 R5 R6 R7 R8 R9 RIO 
G, (kgls-m2) 0.045 0.046 0.044 0.045 0.045 0.038 0.055 0.045 0.045 
RH 
e-, (%) 44.3 31.6 88.9 443 44.3 35.6 63 44.3 44.3 
Values of G. and RHO;, for each simulation run 
Parameter RI I R12 R13 R14 R15 R16 R17 R18 R19 
G, (kgls-m2) 0.024 0.072 0.053 0.040 0.038 0.048 0.030 0.030 0.030 
P"ý (%) 59.1 38.0 41.7 49 35.9 71.1 34.8 53.8 77 
The value of the relative huzmdity of the arc at into to the drying clamber for runs Rl through R14 is 27.4%,; for R15, R16 and R17 the values are 28.2%,, 27.0% and 29.2% nxpectively. 
The model was used to test the performance of the MNCSCD at various chimney 
heights, h,,. The effect of changing h, was studied in computer runs R7 and R8. The 
results are compared with the basic run R1 in figures 6.11(a) to 6.11(d). From fig. 6.11 it 
can be concluded that, for a given load, increasing the chimney height above 0.30m leads 
to the following: 
a) a decrease in the temperature of the drying air exiting the crop bed, 
b) no significant change in the product temperature above its initial value for hCh, greater 
than the design value of 0.62 m, 
c) a decrease in the time required to dry the crop to a desired final moisture content, and 
d) an increase in the overall drying efficiency and a decrease in the pick-up efficiency. 
The decrease in the pick-up suggests that the load capacity of the 
dryer can be increased 
above the baseline value of 1.458 kg. Figure 6.11(a) shows that 
increasing the chimney 
height from 0.615 m to 1.23 m does not affect the drying time significantly. 
The results 
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show that, it would take 30.1 hours to dry 1.458 kg of cassava from an initial moisture of 
201.6% dry basis to a final moisture content of 24.6% when the chimney is 1.23m 
compared to the values of 34.1% and 28.8% achieved with a chimney heights of 0.31 in 
and 0.615 m respectively. As expected, an increase in the chimney height results 
in an 
increase in the air mass flux because of the increase in the buoyancy. However, because of 
the resulting increase in the relative humidity of the drying air (see Table 6.8), the drying 
efficiency is not significantly increased. It can be inferred from the above results that, 
though increasing the chimney height increases the air mass flux through the system, but 
drying efficiency is not significantly improved. 
The effect of changing the ratio of the chimney cross sectional area to the drying bed area, 
A, k / Ade = B, * /Bk, was studied by considering only changes in the breadth of the 
chimney in order to maintain a constant drying bed cross section and the same air-heater 
configuration. The effect of varying B,, / Bk on the performance of the dryer was studied 
in simulation runs RI, R9 and RiO. From Table 6.8 and Figs. 6.12(a) to 6.12(d) it is 
observed that altering the breadth of the chimney for a given drying bed area does not alter 
the performance of the dryer in all aspects. 
The changes in the ratio of the exit air-vent (for escape of exhaust moist air) cross sectional 
area to the inlet air vent , i. e. Ae 1,4t,.., ax/s, was studied 
by changing the height of 
the exit air-vent, x, for a fixed overall depth, s, of the air-heater. The effect of varying x 
for a fixed value of s was simulated in runs RI, RI I and R12. From Table 6.8, it is clear 
that increasing the height of the exit air event, for a fixed air-heater duct depth, results in an 
increase in the air mass flux through the crop bed and a reduction in the relative humidity 
of the air exiting the crop bed. These conditions have been established from the 
experimental data (see chapter 5) as favourable conditions for drying purposes. 
From figs. 6.13(a) to 6.13(d) it can be summarised that increasing x generally leads to the 
following: 
a) a slight increase in the product temperature, which tends to a constant value with time, 
b) an increase in the temperature of drying air exiting the crop bed, but for x>0.03 in an 
increase in x results in a rise in temperature of about 1.5° C above the ambient value, 
c) a significant reduction in the drying time, and 
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d) a significant increase in the overall drying efficiency and a corresponding reduction in 
the pick-up efficiency. 
The model was used to test the effect of varying the volume of the drying chamber, V,,,,, 
on the performance on the dryer. Simulation runs RI, R13 and R14 were used to explore 
the dependence of the dryer performance on the changes in the volume of the drying 
chamber. An increase in the volume of the drying chamber can be effected by either 
increasing the drying bed cross-sectional area and maintaining the height of the chamber or 
increasing the height of the chamber and maintaining the drying bed area. However, in 
order to preserve the drying bed surface area, the later option was adopted in this 
investigation. 
From Table 6.8, it is clear that increasing the volume of the chamber for a given surface 
area of the drying bed results in an increase in the air mass flux and a reduction in the 
relative humidity of the air exiting the drying bed. Since the drying bed surface area is 
kept constant, an increase in Vim,,,, leads to an increase in the height of the air column thus 
enhancing buoyant flow of the drying air. Thus, the increase in the air mass flux resulting 
from the increase in V,,. is as expected Figure 6.14(a) shows that the drying rate is 
increased for a given load and drying bed surface area, by increasing the volume of the 
drying chamber. No discernible differences were recorded in the values of TI and T. as 
the volume of the drying chamber was varied. The drying efficiency increases slightly as 
VV,,,,, is increased, whereas the pick-up efficiency decreases (see fig. 6.14(d)). 
The mathematical model was used to test the performance of the MNCSCD at various 
ratios of the secondary collector area to the primary collector area (Ad, / A, ) for a given 
total energy collection area. The effect of A., / A, on the performance of the dryer was 
studied in simulation runs Ri, R15, R16 and R17. From table 6.8 it can be seen that 
increasing the value of A., / A, leads to a reduction in the air mass flux and a reduction in 
the air relative humidity exiting the crop bed. For a given crop load, since the loading 
density is reduced with an increase in the value of Ad, / A,, 
it is expected that pressure 
drop across the crop bed should reduce and therefore result in an 
increase in the air mass 
flux. Increasing the ratio of Ad, to A,, for a given total energy collection results 
in a drop 
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in the heated air temperature entering the drying chamber. The resultant is that there is a 
reduction in the air mass flux as the ratio of A. to A,, is increased. The reduction in the 
relative humidity of air exiting the crop bed is attributable to the fact that since the layer 
density is reduced as A, 1 , 4, is increased a greater percentage of the product 
is subject to 
intense radiation and hence the product temperature increases appreciably. 
From figs. 6.15(a) through 6.15(d), it can be seen that as A,, 1A, is increased, there is a 
s'gn'ficant increase in the product temperature and the temperature of the air exiting the 
drying bed. The resulting effect is that the drying rate increases and hence the overall 
drying efficiency increases. An increase in Ate. 1 . 4, also results in an increase 
in the pick- 
up efficiency above the reference condition, signifying that an increase in the Ad, 1A, 
value for a given load results in a better utilisation of the energy of the heated air. Since 
the temperature of the heated air entering the drying chamber decreases with an increase in 
the value of Ate, /A,. with the higher drying rates the pick-up efficiency increases as 
expected. The results further show that for 1< Ak / A< < 2, there is no observable 
difference in the performance of the dryer. This observation suggests that for optimum 
performance of the dryer 4/ A, can be set within the above limit. Following from the 
above, for higher inlet air temperatures to the drying chamber, it is recommended that in 
dimensioning a MNCSCD, the surface area of the primary collector (air-heater) should be 
set equal to the horizontal area of the drying chamber. This recommendation supports an 
earlier observation by Bassey (1986). 
The simulation results in figs. 6.9-6.16 can be utilised to achieve efficient designs of the 
MNCSCD at no added cost. Consider, for example, a dryer in which the design parameters 
are set as listed below and working under the same environmental conditions as the 
baseline dryer. 
Wr =1.458 kg; m"C" = 9371 J/K; A, 1 AA, = 1.0; Aim 1.4A, = 0.224; hCh = 0.615 m; 
va. = 0.163 ms; As, a 
1 , 4,., = 0.448; P=3.412; 
Q=1.586; s=0.075 mm. A 
comparison between the simulated performance of this proposed dryer design and the 
baseline design is provided by means of fig. 6.17. It is clear from the results that 
in 
22 hours, with the new design 1.458 kg of cassava can be dried from an 
initial moisture 
content of 201.6% dry basis to 21.9%, compared to final moisture content of 49.7% 
Chapter 6 Computer simulation: programs, results and discussion. 
Original in colour 265 
achieved with the baseline design. A comparison of the air mass flux and the relative 
humidity of the drying air exiting the crop bed for the two possible dryer designs reveal that. 
whereas the baseline design results in an air mass flux and exit air relative humidity values of 
0.045 kg/s and 44.3%. in the proposed design the mass flux will increase to 0.055 kg/s with 
a further reduction in the relative humidity to a value of 32.3%. 
Figure 6.17 also shows that there is a significant increase in the product and the drying air 
temperatures with time, in contrast to the baseline design in which the drying air 
temperature decreases with time. It is apparent from the above results that the model can 
be used to size the dryer to achieve optimum performance. 
Table 6.9: Distinction between the different line weights used in figures 6.9 to 6.17 
Figure 6.9 N. = 0.73 kg N 1.458 kg ------ N, = 2.5 kg 
Figure 6.10 m-c'- =4686 J/kg m' (' = 9373 J/kg ------ 
18742 J/kg 
Figure 6.11 tiý = 0.31 m hý = 0.615 m ------ yd = 1.23 m 
Figure 6.12 A, /A. = 0.112 /, 4, r 
= 0.224 ------- A,, / A., = 0.448 
Figure 6.13 A_ A_ = 0.20 4 ... i, _= 
0.40 ------- -,.., /A_. = 
0.80 
Figure 6.14 Iý, = 0.041 m' = 0.082 m3 ------- 1,,,,, =0.163 m3 
Figure 6.15' ------ Ate. /A, = 1.0 =0.53 -"-'-"- - A, 1A, =0.33 
Figure 6.16 
. 4. f A, =2. N; =4.0 
kg x. 53, N'. =1.46 kg ------ -4 ,1A ,=2, 
µ, =3.0 kg 
Figure 6.17 Baseline design ----- A proposed design 
a In fig. 6.15. the line not defined in table 6.9 () is for , 4,1.4, 
= 2.0. 
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CHAPTER SEVEN 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK. 
7.0 Conclusions 
The Performance of a dryer is determined largely by its design and construction, but is also 
affected by material characteristics and operating procedures. A typical small-scale mixed- 
mode natural convection solar crop dryer (MNCSCD) was designed and constructed at the 
Department of Mechanical Engineering, De Montfort University. Experimental 
investigations were carried out on the laboratory model of the MNCSCD heated artificially 
with a solar simulator, and on an existing commercial-scale version of the MNCSCD 
located at Agona-Asafo in Ghana. In both the laboratory and field experiments, control 
drying tests were executed by drying cassava in open-air under the same ambient 
conditions as the dryers and their drying performance were compared with the data 
obtained from open air sun-drying. An integrated mathematical model was developed and 
used for simulating the performance of the air-heating system, and the drying process. The 
validity of the predicted results was checked by comparing some pertinent simulation 
results of the air-heating and drying processes with experimental data. The models were 
fine tuned and used for some parametric studies the results of which were presented in 
chapter six. Considering the results of the present study, the following conclusions can be 
drawn: 
1) Even though some discrepancies were found between the experimental performance 
indicators and their corresponding values predicted by the model as presented in this 
study, the model can be considered to be quite satisfactory in predicting the drying of 
agricultural products. This is because referring to the drying process, for example using 
the SPDDSAH configuration with a top to bottom channel depth ratio of 0.364, it was 
observed that for the same operating conditions, 1.458 kg of cassava was physically 
dried from an initial moisture content of 201.6% to 49.7 % in 22 hours of continuous 
drying time. The model predicted a continuous drying time of 20.4 hours to reach the 
same final moisture content. In addition, each of the parameters selected to asses the 
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accuracy of the performance of the SPDDSAH was predicted within ± 20 % of the 
experimentally determined values, with exception of the incident radiation for which the 
experimental value was over-predicted by + 40.5 % (see Tables 6.4 and 6.5). The 
Possible causes of the discrepancy in the incident solar radiation value have been 
discussed in chapter six. These discrepancies notwithstanding, the accuracy of the 
predicted drying results is such that the use of the models for other agricultural products 
seems justified; hence it will be useful as a design aid in future for development of 
typical designs of the h! NCSCD to satisfy specific applications. 
2) The simulation results coupled with the experimental data suggest that significant 
improvement in the SPDDSAH performance may be obtained through a careful choice 
of a number of collector parameters. For a given overall depth of a SPDDSAH, re- 
Positioning of the absorber plate to obtain a design of larger top to bottom channel depth 
ratio, in particular 1.1 <P<3.5, will result in an increase in the temperature and mass 
flow rate, and a significant reduction in the relative humidity of the heated air entering 
the drying chamber. Higher length to width ratio of the air-heater is also desirable but 
since they result in lowering of the heated air mass flux a compromise value of 
1.0 <Q<2.0 can be used in conjunction with higher values of P to achieve optimal 
performance of the air-heater. 
3) The mass flow rate is the dominant factor that determines the effectiveness of a natural 
convection air-heater, hence for simulation purposes a careful estimation of the mass 
flow rate is essential. The air flow rate model as developed in this study expresses the 
inter-relationships between the various parameters governing the operation and 
performance of the proposed system, hence the model can be recognised as a very useful 
tool in the design and evaluation of future designs of the MNCSCD. The model 
predicted the air mass flux with a percentage error of -12.2 % to +5.7 per cent. 
4) The results of the physical drying experiment show that, under the same ambient 
conditions, the traditional sun-drying method is improved significantly by carrying out 
the drying in an enclosed structure (see fig. 6.17). Sensitivity analysis carried out on the 
system showed that by making some structural changes in existing solar dryer designs 
they can be made even more efficient. 
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5) In the drying of cassava, simulation results showed that the loading density should be 
limited 14.6 kg/m2 of drying surface area to avoid condensation, a situation that will 
lead to possible mould growth and thereby result in poor quality dried product. 
6) For a MNCSCD under the same ambient conditions, the simulation results showed that 
when the ratio of the secondary to the primary collector surface area, that is Ad, / A,, is 
increased the overall drying efficiency increases. However, for A&. / Ac > 1.0 no 
significant difference in the performance of the dryer was observed. Thus, following 
from this study, it is recommended that the primary and the secondary collector areas 
should be made equal to achieve a better performance of the MNCSCD. This 
recommendation confirms the recommendation by Bassey et a! (1986) but it is at 
variance with the recommended value of 0.33 by Exell (1982), for optimum 
performance of a MNCSCD. 
7) Simulation results indicate that, the performance of the dryer can be improved by 
effecting the following changes to the drying chamber and the chimney: 
a) increasing the volume of the drying chamber, 
b) increasing the height of the chimney air vent such that A., / Aj., oze 0.8 
c) and decreasing the chimney height. 
8) Experimental results showed that the energy stored up in the thermal mass of the drying 
system during the day is released at night for drying. From three drying experiments 
conducted with the same dryer in the laboratory using three different configurations of a 
SPDDSAH of the same surface area, it was established that in a particular instance, the 
nocturnal drying accounted for up to 30 % of the total moisture removed from the 
product to bring it to a safe moisture content level. Simulation results also showed that 
increasing the thermal mass of the drying chamber has no significant effect on the 
drying process during the day. Since an increase in the thermal mass does not have an 
adverse effect on the dryer performance during the day but rather enhances drying at 
night, by marrying up the above complementing observations, it is recommended that 
the thermal mass of the drying chamber of a MNCSCD should be increased by 
incorporating possibly a rock bed storage system inside the chamber to store up energy 
during the day for extended drying operation during the non-sunny hours. 
9) The experimental investigation also verified the effect of different loading arrangements 
on the drying rate of cassava. The same quantity of cassava was 
dried on one bed, two 
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beds or three beds and the rates of drying were monitored. The results showed that the 
cassava dried using two layers dried faster than the single layer or three bed layer 
arrangements. Hence, from the point of view of increased load per batch and faster 
drying rates, the two-layer drying is recommended in preference to either a single or 
three layer drying. 
10)During the natural convection solar drying of cassava chips from a moisture content of 
201% dry basis) to lower moisture contents of around 20% (wet basis), no constant-rate 
period was observed. The falling-rate period characterised the entire drying process 
from the start, Four stages of the falling-rate period were identified (see 4.2.2). 
7.1 Suggestions for further work 
A limited number of experiments were conducted on the laboratory and commercial-scale 
dryers as a result of time and financial constraints. Some of the simulation results were not 
validated with experimental data. It is apparent from the findings of this study that some 
further work is necessary in refining and verifying the theories considered. The following 
areas require further work to verify the simulation results adequately. 
I. The simulation results suggest that an increase in the thermal mass of the drying 
chamber will not affect the dryer day time performance while experiments with product 
dried on a day to day basis suggested an improvement in the drying as a result of the 
thermal inertia of the system. It is recommended that drying experiments (both 
continuous and day to day drying experiments) should be conducted by incorporating 
different rock bed arrangements of known thermal inertia in the drying chamber. This 
way it would be possible to verify and confirm the simulation results and establish the 
validity of the deductions from the experimental results. 
2. In the mathematical model developed to predict the performance of the MNCSCD, the 
effect of the thermal capacitance of the air-heater was neglected. However, as noted 
earlier, the drying experimental results of the laboratory tests 4,5 and 6 suggest an 
improvement in the drying performance as a result of possible release of energy stored 
in the thermal mass of the system for drying at night. It will be useful if experiments are 
conducted on the different configurations of the SPDDSAH of varying thermal mass to 
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3. 
investigate the contribution of the thermal mass of the air-heater on the noncturnal 
drying performance. 
As result of financial constraint, experiments could not be conducted on the 
commercial-scale loaded to full capacity. The full potential of the model will be 
realised only when they are applied to optimisation of commercial-scale solar drying 
systems. Adequate experimental data on the full capacity of the dryer must be 
established and used to validate the performance of the system in order to establish 
conclusively the findings of this study. 
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APPENDIX A 
DETAIL DESCRIPTION OF THE DESIGN PRINCIPLES OF THE 
MIXED-MODE NATURAL CONVECTION SOLAR CROP DRYER 
(MNCSCD) 
Introduction. 
The design of a solar dryer is a complex task which can generally be considered under 
three phases as follows: 
1. 
2. 
defining the drying process to be performed by the dryer in order to achieve the 
desired end-product quality and dryer performance 
selecting the appropriate type of solar dryer to use, and 
3. undertaking the detailed structural design of the solar dryer. 
In this section the basic design principles underlying the structural design, of a typical 
small-scale mixed-mode natural convection solar crop dryer (MNCSCD) used in the 
laboratory experiment is outlined. 
1 Conceptual design 
Figure 1.1 shows a pictorial view of the laboratory model of the MNCSCD design 
achieved. The full description of the dryer is detailed in Chapter 3. 
2 Design data 
The drying requirements of agricultural products vary from product to product. The 
quantity of moisture to be removed from a particular product to make it safe for storage, 
which is determined by the initial moisture content of the product and the desired moisture 
content for safe storage of the dried product, varies from crop to crop. The maximum 
permissible temperature and relative humidity of the air used for removing the moisture 
from the crop during drying affect the drying rate significantly. Each crop, has its specific 
requirements for best quality. Another crucial consideration is whether the crop can be 
exposed to direct sunlight or not. Knowledge of these requirements and others 
is needed 
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for a good design of a crop-dryer. Information regarding the type of crop to be dried, 
loading density, its characteristics and the quantity per batch, is needed, together with data 
concerning the geographical location of the dryer and the climatic conditions during the 
harvest period. 'These were determined for the present design as explained below. 
3 Crop Characteristics. 
The dryer dimensions are based on the fact that the maximum quantity of the material to be 
dried per batch is 3 kg. The dryer is to be used for drying high moisture content crops for 
which the mass of water to be removed to bring it to a safe storage level could be as high as 
50-70% of the initial weight of the product. If the desired final moisture content of the 
material is in the range 4 to 17% (w. b), then the initial moisture content of the crop would 
be in the range 52- 75% (w . b). Cassava, a typical tropical 
food crop that provides about 
8-10% of the calorie requirements of human being (Roa, 1974), was used as the basis for 
the design calculations presented. 
The following characteristics of cassava were either established experimentally or their 
values were taken from the literature: 
Crop porosity: 0.44 (Roa, 1974) 
Bulk density: 552 kg/m3 
Initial moisture content: 62-67% (wet basis) 
Desired final moisture content: 17% w. b (Baker, 1997; Amouzou et al, 1986) 
Loading bed void fraction: 0.40 
Solid specific heat capacity: 840 J/kg K 
Maximum permissible drying temperature: 70° C (Imre, 1997; Amouzou et al, 1986) 
Maximum permissible drying air 60% (Cheema, 1978) 
relative humidity: 
Percentage of dry matter content: 33-38% of the initial weight 
Loading density: 5-15 kg/m2 (Keey, 1972) 
Drying ratio' for crop with initial 
moisture content of 62-67% wet basis: between 11: 5 and 5: 
2 
a Drying ratio is the ratio of the initial mass of crop before 
drying mass to the mass of the dried product. 
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4 
i. 
ii. 
111. 
V. 
V1 
vii. 
Vlll. 
ix. 
5 
5.1 
Design constraints 
The average velocity of the drying air, vv , at the exit (or outlet) of the collector 
is 
expected to be between 0.20 and 0.40 m/s. 
The collector tilt (fi,, ) for maximum collection of incident solar radiation for all 
Year-round operation of a collector is to be taken as the latitude of the site where it 
is located in practice (Duffle and Beckman, 1991; Bucherg et al, 1974). The 
optimum azimuth angle, y., for maximum collection of solar energy is 0° for south 
facing collectors or collectors sited in the northern hemisphere. Sinjeri and Kulistic, 
(1994) have shown that the change in the annual radiation collected is negligible if 
the azimuth angle is less than 30°. For this design /iopt and yop, were taken as 6° 
and 00 respectively. 
The aggregate drying bed thickness, hL, is not to exceed 200 mm, the maximum 
value expected for thin layer drying (Hall, 1975). 
The maximum height of the hot air column was assumed to be 1.3m, from 
laboratory space considerations. That is, H51.3 m. 
The air-heater aperture is to have an area (A) about two times that of the drying 
chamber area (Ad. 
From previous research (Wayo, 1990), it was noted that with of incident solar 
energy in the range 400 to 600 W/m2 and average air flow rate between 0.2 and 0.4 
m/s, an effective drying time of 30 hours (2-5 days) can be assumed for a loading 
density in the range 10 to 20 kg/m2. 
Light of intensity in the range of 400-600 W/m2 is to be provided under laboratory 
conditions for drying experiments. 
Ambient air temperature in the laboratory was assumed to be 24 °C. 
Sample design calculations 
Air flow requirement. 
The expected drying air temperature rise over the ambient value was calculated using a 
modified form of an empirical formulae suggested by Macedo and Altemani (1978): 
AT - 2fl (T -T , 
)(E / E. ) (Al) 
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where, dT = T. - T is the temperature difference between the expected mean temperature 
of the heated air at the collector outlet and the ambient air temperature, Pis a 
dimensionlesss parameters whose value is the range 0.14 to 0.25 (Macedo and Altemani, 
1978), (Tb - Tj is the temperature difference between the boiling and freezing point of 
water at atmospheric pressure, E is the intensity of radiation incident on the plane of the 
collector and E. is the maximum intensity of the source of radiation. The maximum 
intensity of the light source used (i. e. its intensity at a distance of 0 cm from the axis of the 
lamp), E was determined to be 1454 W/m2. 
For this design, the mean value of Q was taken as 0.20 to allow for moderate drying air 
temperature and moderate velocity for natural drying. Taking Tb - TT =100° C, 
E= 460 W/m2 and ß=0.20, the maximum expected temperature rise of the drying air at 
the exit of the primary collector is evaluated as 12.7° C. 
The total quantity of moisture to be removed from the crop, was used to determine the total 
mass flow of air required for drying. The moisture to be removed (MW) depends on the 
crop and can be found from the following relationship: 
M= 
lýtiy 1lir.. a -Mf.. b 
--w (I-11tf. 
»+) 
(A2) 
where WV1, = total crop mass, M4wb = initial moisture fraction on wet basis, M= final fwb 
moisture fraction on wet basis. The moisture fraction, on wet basis, defined as the ratio of 
the mass of water content to the total crop mass. 
The total volume of air required (V4) was then found from the equation: 
VA = 
MwL, RT, 
Co, P, (T, -Tf) 
where R. = specific gas constant, Pa = partial pressure of dry air in the atmosphere, 
(A3) 
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Cpa = specific heat capacity of air at constant pressure, Tf= temperature of air leaving the 
drying bed, which value is assumed to be given by (T4 + 0.75 {AT}) and the other 
parameters are as defined in Chapter 2. The value of the latent heat of evaporation in 
equation (A3) was estimated using the following expression (Liley and Gambill, 1973). 
%_ 
-A TT 1.. /D\ 
(T -To ) 
03' 
(A4) -t - ! ºsa c[` Alk<<) 
(TI -T) 
where, Ra is the gas constant for water vapour, T. is the boiling point of water, P, is the 
critical pressure of water, Ta is the temperature of the product and T is the critical 
temperature of water. 
Since bound water is to be evaporated from the product the value of L, estimated using 
equation (A4) is increased by a factor of 15%. The average temperature of the product 
during drying is estimated as the weighted mean of the temperatures of the air entering and 
leaving the crop bed (T= 0.25(3T. +T J). The total volume of air required was found to 
be 1325 m3. 
The volume flow ratels calculated from the relation: 
VA 
I 
(A5) 
where, t, is the total time required to dry a given sample of moist material to save storage 
level. Putting t =108,000 seconds (30 hrs), the volume flow rate was obtained as 
0.0123 m3. 
5.2 Area of drying chamber. 
The cross-sectional area of the drying chamber Adc is obtained from first principles by 
relating the solid density of the wet material to its mass and the corresponding volume as: 
Appendix A Detail description of the design principles of the mixed-mode natural 
convection solar crop dryer (MNCSCD). 
280 
A- IV, = 
! 1; 
k- psht(1- s, ) Prht 
(A6) 
where, TV, (= WV, 13, assuming three layers) is the mass of the crop on each layer, ps is the 
solid density of the crop on wet basis, pj, is the bulk density of the crop on wet basis and 
hL is the layer drying bed thickness. The product of the solid density and the layer drying 
bed thickness is defined as the loading density. Assuming that a dryer is designed for a 
given loading density then a more dense material should be dried in thin layers and vice 
versa- Assuming an average loading density of 10 kg/m2, the cross sectional area of the 
drying chamber is given as 0.167 m2. Hence the area of the air-heater is found to be 0.34 
m2. Taking the ratio of the length of the air-heater to the width as 1.6, the collector length 
and width are detetermined as 0.73 m and 0.454 m respectively. The length of the drying 
chamber is made equal to the width (ilk of the air-heater. Thus the breadth of the drying 
chamber is determined from the relation: 
B=A*/Tf' (A7) 
Putting the ratio of the drying chamber width to breadth to be 1.2, the breadth of the drying 
chamber was found to be 0.375 m satisfying the other constraints imposed on the design. 
5.3 Total area of the system for collecting incident energy. 
The total area surface of the dryer for collecting incident radiation is related to the overall 
system drying efficiency (rid) which is given by: 
Y7e = 
Af L, 
H, A, t 
(A8) 
where, A, = total area of the dryer receiving incident radiation (the total surface area of the 
primary and secondary collectors of the dryer), t= total time , Lt = latent heat of 
vaporisation, and Ht is the intensity of radiation incident on a tilted surface. 
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In a physical system, If, is the monthly average daily irradiation on a horizontal surface and 
is dependent on atmospheric transmittance and ground reflectivity. For the laboratory 
model, Ht was taken as the intensity of the incident radiation from the solar simulator. The 
overall drying efficiency of natural convection solar dryers reported in the literature have 
been shown to vary widely over the loading densities and weather conditions (Brenndorfer 
et al, 1987, Ekechukwu, 1987). Typical values reported for natural convection solar crop 
dryers range from 9 to 25%. To achieve a realistic design an overall efficiency value of 
20% was assumed. 
Putting Af = 1.8 kg, Ll = 2.746 MJ/kg, t= 108,000 s, HH = 460 W/m2 into the efficiency 
equation (A8) above, and assuming a mean overall efficiency of 20% (i. e. r/d = 0.20), 
yields A, = 0.496 m2. The design concept is based on the fact that the following 
fundamental relation must be satisfied: 
A, ft AP + A,, 
otherwise the ratio of the collector area to the drying chamber area should be altered. 
(A9) 
5.4 Other dimensions of the dryer 
The determination of the air duct depth is to some extent an iterative procedure. The depth 
of the collector air duct channel (s) is calculated and if this proves suitable for the desired 
volume flow rate and the average value of the velocity of air inside the air-heaters, then it 
is used. Otherwise, some or all the estimated or assumed values are altered and/ or the 
space configurations of the air-heaters are altered to achieve the desired value of s subject 
to all the constraints imposed on the design. Following from the continuity equation for 
one dimensional steady flow, the weighted average velocity at the exit of the air-heater is 
related to the channel overall cross section by the relation: 
y_v `sW (A10) 
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Putting V, =0.30m3/s, V=0.0123 m3/s, W= 0.454 m gives s=0.08 m. 
The surface area of the absorber of the absorbing is approximately equal to the area of the 
air heater cover, A, ; this is related to the length and width of the cover as follows: 
Ac = Lx 1f' (A11) 
Following from the suggestion by Bruce (1978) regarding inlet and outlet vents areas for 
natural ventilation, the cross-sectional area of the chimney was related to the air-heater 
duct area by the relation, 
A, = 2A,, (A12) 
From the above relation the height of the chimeny vent was determined to be 35 mm. 
Relating chimney cross-section and the air vent in the chimney, the dimensions of the vent 
were obtained (0.375 m wide and 77 mm in height). 
It is must be noted that because of constructional difficulties some of the dimensions were 
altered slightly to allow for easy assembly and disassembly of the members. 
5.5 Pressure drop through the drying bed. 
According to Jindal and Gunasckaran (1982), the resistance to the flow of air through a 
packed bed of agricultural produce is expressed in the form: 
u-[TI 
ý" 
`i 
b 
(A13) 
wher u= air velocity, hL = drying bed thickness and a, b are constants whose values are 
determined experimentally. For natural circulation of air through a thin layer of cassava 
chips (hL S 0.20 m) their conservative estimates were found to be 0.001 and 0.9, 
respectively. The air velocity (u) can be found from the continuity equation. The pressure 
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drop across the crop bed (APB) was calculated (for the present design it was found to be 
0.676 Pa). 
5.6 Pressure drop through the collector. 
The pressure drop through each rectangular channel of the collector is given by the 
expression: 
AP` =f 
L(d + B) lP yc= 
2dB 
(A14) 
where f= the friction factor, d= depth of each collector air channel, p* = average air 
density in the collector (which can be determined from the equation of state) and the other 
symbols are as previously defined. The flow of air in the airway is practically turbulent 
and therefore f varies with the roughness ratio of the channel walls. The equivalent 
roughness of cement or plaster faced airways and galvanized steel jointed ductwork are 
known. The design values of Vc = 0.20 m/s, d=0.077 m, and iv= 437 nun were obtained 
after several iterations in order to satisfy all the constraints of the design. f was estimated 
from the well-known Moody chart summarizing the researches and formulations of 
Prandtl, van Karman, Nikuradse and Colebrook, as 0.015. The pressure drop through each 
channel of the collector on each wing of the drying chamber was obtained as 0.0022 Pa. 
5.7 Height of the hot air column. 
It is the minimum height of the exit vents above the collector inlet for moist air escape to 
the ambient under air circulation by natural convection. In arriving at the height of the air 
column it is assumed that the dryer functions under steady state conditions. Hence the 
steady state values of the ambient air temperature and density are Ta and pa, respectively. 
It is further assumed that: 
" the depth of the drying bed, hL, is small compared to height, H, of the hot air 
column 
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" the whole structure is air tight and ambient air enters through the inlet and the moist 
warm air escapes through the vent(s) in the chimney 
" the steady state average values of the temperature and density of the hot air inside 
the chimney are To and p', respectively. 
Applying Bernoulli's equation between the relevant sections of the dryer and simplifying 
the resulting expressions leads to the relation: 
H= AP, + AP, _ 
APr 
_ 
APT 
B(P. -P ) 8(P. -P*) 4/T, -1/T, 
)P/R 
(A15) 
where APT, is the total pressure drop through the dryer. The value was obtained as 
0.678 Pa and thus the height of the hot air column above the air inlet H was found to be 
1.3m. In the construction of the dryer an extra allowance should be made for the height of 
the chimney and the height of the solar air-heater inlet above the ground. The height of the 
air-heater inlet should be at least 0.40 m to allow air to flow naturally through it. 
6 Design of the cantilever system 
The standard procedure for the measurement of tensile or compressive direct strains utilises 
the full-bridge circuit for measurement of the small changes in the resistance of the strain 
gauges. This arrangement is preferred because the sensitivity of a full-bridge circuit is 
increased by a factor of 2.6 over that which would be achieved using a single linear gauge 
(Hearn, 1997). In the determining the thickness of the beam the following factors were 
taken into consideration: 
1. 
ii. 
111. 
iv. 
the load capacity should be limited to 3 kg, 
the maximum deflection of the cantilever should correspond to the maximum 
allowable reading of the microstrain indicator (1999 pe), 
the effective length of the cantilever should be about half the width of the drying 
chamber (i. e. L= 200 mm). This is to ensure symmetric loading. 
a standard cantilever beam of width, b= 25 mm was assumed, 
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For a simple cantilever of constant cross section as shown in fig. Al, the moment of the 
load F about the root of the strain guage is given by 
a! IQ_6FL 
y bh' 
Figure Al: A simple cantilever beam of constant cross section (Pople, 1979) 
(A16) 
where, 
M= bending moment of the load F about the root of each strain guage. 
Y= distance of a fibre of the beam from its neutral axis of bending (y = 0.5 h) 
I= second moment of area for the beam cross section (I= bh' / 12 ) 
h= beam thickness 
b= beam width (2S mm) 
L= distance between the applied load F and the active length centre of the gauge (220 
mm) 
D= distance between the applied load and the root of the cantilever 
8= beam tip deflection 
E= Young's Modulus of elasticity (for steel E= 21 x 1010 N/m2). 
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The surface strain of the beam, indicated by a single linear gauge, is related to the stress 
experienced under the action of the applied load and the Young's modulus by the relation 
s=Q/E (A17) 
Thus combining Equations (A16) and (A17) we obtain 
6FL 
WE 
where c is the strain recorded when a single active gauge is attached to the cantilever 
subjected to a load F, and is given as: 
= 
total permissible strain recorded by the microstrain indicator 
sensitivity of the bridge circuit 
(A18) 
Noting that the sensitivity of the bridge circuit is 2.6, the maximum deflection of the beam 
was found to be 768.8 µe. By considering the beam to experience this maximum strain, the 
desired plate thickness, h, of the cantilever beam was calculated from equation (A18). The 
plate thickness was found to be 2.95 mm, hence a steel plate bar of standard thickness 
approximately 3 mm was chosen. 
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APPENDIX B 
***PROGRAM TO SIMULATE THE PERFORMANCE OF THE MNCSCD*** 
PROGRAM LAYER 
C PROGRAM TO SIMULATE LAYER DRYING OF AGRICULTURAL PRODUCTS 
COMMON w'MT. TMTJW. DELT. w'MCN. IUB 
INTEGER iEXiTJN'1. I A'DIBOJTERCT. A'I. KAB, N=NDJK jM ike. ndim DOUBLE PRECISION WMT. TMT. RHT. DELT. W'MCN. CPA. CPI, CPW, CPG. CT, BTA. SRHOMJIFG PATM, RH P TM, HR, DEEP. WMC. TA, MFDOT. TCH. HV. HA. TOPI. TXWB 
DOUBLE PRECISION ZAELZ. TIME. PRT. WMEND. D, GA, PR. WATER. ETAD, A I AC 
DOUBLE PRECISION MFDOTG. KW. TW. TTP. TATM. QDOT. RA. BETAAIR. TF. AW 
DOUBLE PRECISION HR%'S. CC. FIB, (. TACHC_A V, BHT. TCHG, TOP4, TOP3. TOF 
DOUBLE PRECISION RIIOA. WT. TAUG, CMPRM. DEPTH. ALPHAMJU IT. TAIR. W 
DOUBLE PRECISION TAIPIG. ALPHAG, I. 'TY. KVISTY. HLUL. ENERGY. TI WBC, BHT DOUBLE PRECISION RHOINCI, RHOINC2. ADC. CFA. CKE. SUM. WMAVE. C 1. TI wB 
DOUBLE PRECISION RHOI. R IOC. RF-X%ISTYC. DHC. CFC, FC. CENTRY. RHOIPIG 
DOUBLE PRECISION CEXXT. ACH, AVENT. ACHVENT. ACHDC, RHOCHG, KKE, KVISCH DOUBLE PRECISION DHCi(. FCiI, KFCH, KCV, KCXS. KT, A, B. C. WME. TT, TABS, TI DB 
DOUBLE PRECISION At ,BI. C l .Dl. D2. D3. D4. E I .F1, A3. B3. F2. C 14, 
C 15, C 16 
DOUBLE PRECISION CI7, CI I. C25, C26, C27, C2S. DR. SS. PP. C_1, HS. PWSI B, PV 
DOUBLE PRECISION C29, C30, C3I. C32, C33, C34. C35, C36, C37. RO. PVS, TI DBC 
DOUBLE PRECISION TI DPC. DBTPR. TBTNPR. W I STAR. PI V. A I LF. TANC. TMMEAN 
DOUBLE PRECISION WMCNW'B, WMAVEWB, PI, F. GM. PUM. XR. PUN. PAN, QP. TAMEAN 
DOUBLE PRECISION AC. DEPTHLQ. ITIOIN, TF2OIN. HR2. TA. P, SBARC. SBARP 
DOUBLE PRECISION TFLI! J. TF21N, XZXI. MSCSF, SHCSF. MSCVSHCV. AOCV, RHN 
DOUBLE PRECISION MSDTRAYSHDTRAY. VOLDCHM. BDC. HDC. HCH. LOS, RH2. RHI 
DOUBLE PRECISION TP. TB, TC. M I. M2, M. V I SIN. V2SINS 1. S2, DELTAY. ETACIN 
DOUBLE PRECISION VIS(2000), V2S(20001TflO(2000). TF20(2000). TAIN - DOUBLE PRECISION HRN. HRNLBCH. XVENT, W_t. PICKUP E, PCL, TBI TCL. RCL 
DOUBLE PRECISION HSSTAR, HIN. FSILANV. T2WB 
DIMENSION WMC(100), TAIR(101.2). TM(100). HR(101,2), DEEP(20) 
DIMENSION F(400), RH(101) 
PAPAMETER(RHTP"0.98. G-9.807. ndurr2000) 
PARAMETER(VITA. 4583, X-0.003. KW-I. 0, PR-0.71 SHCV. 1465. 
S CC-0.61. BCH-O. 085, BTA. 0.113S. TAUG. 0.83, FSELONV. 0.50. 
S ALPHAM-0.76, ALPHAG-0.086, C 1--0.465, MPULOS-1.092SHCSF-502. 
S XVENT-0.03. MPUAOCV-3.58SIIDTRAY. 502. P1-3.142, MSDTRAY-0.599) 
OPEN (UNIT-). STATUS- NwW, FILE-FORSONGx. DAT7 
OPEN (UNTT-2, STATUS-'newt, FILE-'FRANCISGx. DAT) 
call SAH(TF. TA. W, AC, DEPTH, P. QTFIOIN. TF20IN. RH2. BHT. HR2, 
S ml, m2, m, vl sin v2sinetcin, i, I. T2wB) 
call GETFUR(nd, "%vI S, V2S, TFIO, TF20SIS2. W. TFI IN, TF2IN. TA. S VISIN. V2SIN, AC. DEPTHLP. Q. DELTAY. ETACIN, TP, TB, TC, BHT, TF. RH2. 
S Ml, M2, M1, RHIRHN) 
call RADTNA(SBARC, SBARP. BI 
call sychart(TF. TARH2, RHI. RHN, HR2. T2wB) 
C- DATA ON ATMOSPHERIC CONDITIONS 
WRITE ',. yINPÜT PATM (kN/nY'2)"-' 
READ (0,0) PATM 
C- DATA ON DRYING CHAMBER DESIRED SPECIFICATIONS 
WRITE (! ') hpUT X2 : -O READ (! ') X2 
WRITE (! ')*VOLDCHM (M"3). -' 
READ () VOLDCI{M 
WRITE ( : ')INPUT HCH (m): -' 
READ (0.0) NCH 
WRITE(*. *) INPUT CPG (11kg K): -' 
READ (" ") CPG 
WRITE(',. ) 'INPUT RHOM (kglm" 3): 't 
READ(! ') RHOM 
C- OVERALL DEPTH, NUMBER OF LAYERS 
WRITE(! ')TNPUT NL (integer): -' 
READ 
C- DRYING AIR TEMPERATURE AT INLET OF THE DRYING CHAMBER 
If (P. LT. 1.0) THEN 
TAIN - TF+O 
end if 
if ((P. GT-I. 0)AND. (P. LT. 2.0)) THEN 
TAIN - TF+O 
end if 
If (P. GT. 2.0) THEN 
TAIN - TF+O 
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end if 
C-- OTHER INPUT CONDITIONS FOR THE DRYING SIMULATION 
WRITE(., ") IJ7UT NDIBO (mtege-P' 
READ('! ) h')I13O 
WRITE(! ') INPUT T13TNP'R (10-e 
READ (! ') TBTNPR 
C- GUESS VALUES OF AIR MASS FLAW RATE. CHIMNEY TEMPERATURE, 
DRYING 
C-- CHAMBER TEMPERATURF., MEAN AIR TEMPERATURE IN THE HEATER. DRYER 
WALL 
C- TEMPERATURE 
WRITE(! ") INPUT TACHG (K). -1 
READ (! ") TACHG 
TANG - (TFI IN + TF2INy2. 
WR1TE(! "7INPUT MFDOTG O4' s) 
READ (0.0) MFDOTG 
WRITE(' ") INPUT TWO (K). -r 
READ (0.0) TWG 
TATM-TA 
HRNI - HR2 
WRITE(- ") HRNUfl in ii2m 
RHOA 332981E21(TATM'(1+1.60780HRNI)) 
TS - 0.0552'TATM"" I3 
WRITE(', ') TS. BHT, HR2 
writc(! ") w"xA 
TCHG - TACHG 
WRITE(* ")TF 
TOF - TAHG - 23 HRWS - 5.67E-8'0.92'(TWG"2 + TS"02)"(TWG + TS) 
RHOI - 3.52981 E2/(TOF'(I + 1.6078"HRNI)) 
R IOCHG - 352.9814TCHG"(l + 1.6078"HRNI)) 
1-0 
131 IF(I. LT. 100) THEN 
C-- CALCULATE MASS FLOW RATE AND MASS FLAW PER UNIT BED AREA 
WDC-SQRT(ACx. » 
L-SQRT(Q"AC) 
BDC - WDC/X2 
XI-((VOLDC DN%'DC}OS"((BDC""2) 0. S"DEPTH"2)"sin(BTAYcos(BTA)) 
S /(BDC'"2) 
HDC -BDC"XI 
H-HDC + DEPTH + BDC"sin(BTAycos(BTA) + HCH 
TACHG-TACHO. 3 
TFLUID - (TWO + TADCGy2. 
TACHO AV - TFLUID 
BETAAIR- I/TACHG_AV 
KV IS TY- (0.0942 "TFI. UID + 2.31 88)11 000000. 
RA - (G'BETAAIR'(TACHG_AV-TWG)"(HCH"3)'PRY(KVISTY"3) 
KTY - (0.0732"TFLUID + 4.1672)11000. 
HI - KTY"(0.825 + 0.3244"(RA"" i J6))(X 
UL -1/(1/HI + X/KW) 
QDOT - UL"(TACHG - TATM) RHOINCI - 352.981KTFI IN'(1 + 1.6078'HRNI)) 
RHOINC2 - 352.98 V(TF2IN"(1 + 1.6068"HRNI)) 
RHOC - (RHOINCI + RHOINC2Y2. 
WRITE(* ") RHOC 
AW- 2"(WDC+BDC)"HCB 
ADC - WDC'BDC 
write(". ")ADC 
CFA - WDC"DEPTH 
AI AC - ADCICFA 
CKE -(A 1 AC" "2 )" RHO I /RHOC 
KVISTYC - (0.0942"T0F+2.318)11000000. 
RE - (2"MFDOTGy((W)C + DEPTH)"RHOC"KVISTYC) 
FC - 0.079"(RE""(-0.25)) 
DHC -(2"DEPTH"Vº'DCy(DEPTH + WDC) 
CFC-4"FC" L"(RHOI /RHOC)"(A I AC" "2YDHC 
CENTRY- 0.5"(RHOI/RHOC)'(A1AC"'2) 
CE)aT- ((A I AC -1)""2)'(RHOI /RHOC) CT - CKE + CFC + GENTRY + CEXIT 
TAIPIG-TATM + QDOT'X/KW 
RHOIPIG-352.9811(TAIPIG'(1+1.6078"HRNI)) 
ACH-WDC"BCH 
AVENT-BCH"XVENT 
ACHVENT-ACH/AVENT 
ACHDC - ACHIADC 
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KKE-ACHiVENT"02 " (RHOC7IG1UIO1PIG)'(ACIIDC"2) KVLSCN- (0.0942"TACHG + 2.318Y1000000. 
DHCH. (2"H'DCBCN) WDC"BC1D 
FCH-0479"((2"MFDOTG) DC+B 1)'RHOCilG"KVISCH))"(x. 25) 
KFCH-4"FCH"HC1(DI IC H 
KCV-0.5 
KCXS-((IcCC) " I)""2 KT - KKE +KFCH + KCV + KC)3 
A- 0J(20RIIOI9ADC'"2))'« f+OXr(RlfOA-RHOCHG)Y(RHOA-RHOI)) 
Z- (WT"X2M R11OM"N'DC6A'DC''(I -FSILONV)) B- Z/(C 1 "RHOI *ADC) 
C- H'G'(RHOA - RIIOCH G) 
write(6,222) A. B. C 
222 FORMAT(SX. Fß3,8X. nJ. BXE'ß. 3) 
MFDOT - (43 + SQRT(B""2.40A'C)Y(2"A) 
C CALCULATE CHIMNEY TEMPERATURE 
CPA - 985.89 + 0.174"TAIN " 0.0007"TAIN""2 +I E-6"TAIN"03 R- (2"(WDC + IM34)"ULy(MFDOTG'CPA) 
TOP1 -(ALPHAGVL)'BHT 
TOPS - (I - EXP(-R"HCH)) 
TOP4 - TAIPIG - TATM - TOPI TCH - TATM + TOPI + TOP49TOP31(R"HCH) 
C- CALCULATE DRYING CHAMBER WALL TEMPERATURE 
TW - TAIPIG -(TAIPIG - TATM)"ULIIU C- TEST FOR COVERGENCE OF MDOT. TCH. TW 
IF (((MFDOT-MFDOTG). GT. I AE. 3). OR((fCH-TCHG). GT. 1. )) THEN 
1-1+1 
MFDOTG-MFDOT 
TWG-TW 
TCHG-TCH 
GO TO 131 
END IF 
IF ((MFDOT-MFDOTG). LEI AE-3) THEN 
GO TO IS 
END IF 
END IF 
15 GA - 0.804"MFDOT/ADC 
W R1TE(6.242 )<T. KT. TCH. T W. M FDO T. GA 
242 FORMAT(F$. 4.4X. F10.3,4X. F8.3.4X. F8.3.4X, F8J. 4X. FS. 3) 
C -CRITERIA FOR TERMINATING PROGRAM (Estimated maximum drying time) 
WRITE("! )INPUT TTP (hrs): 1 
READ (! ") TTP 
C- COMPUTE STEP SIZE, NUMBER OF NODES AND DEPTH BETWEEN PRINTS 
DELZ - ZJNL 
NLI - NL +I 
DBTPR- NDIBO"DELZ 
C- COMPUTE OUTPUT DEPTHS FOR PRINTING 
D-A 
PRT-. 0 
TIME-A 
ITERCT-0 
IEXIT-O 
JK-0 
NCOND-0 
KAB-0 
DR-. 0 
ike-0 
TXWB-0 
DO 100.1-I . NLI. NDIBO IK-JK+1 
DEEP(JK)-D 
D-D+DBTPR 
100 CONTINUE 
WRITE($. *)'INPUT TMN (K)im' 
READ(*. *) TMN 
WRITE(* *)1NPUT WMEND (decimal. wet basis)' 
READ ("! ) WMEND 
C-- COMPUTE INLET RELATIVE HUMIDITY AND INITIALIZE 
ALL ARRAY POSITIONS RQD. 
WMCN-2.01 
AB-WMCN/(I+WMCN) 
write(6,400)AB 
400 FORMAT(F8.4) 
C36-37357.912 
C37--29.9857 
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RO-8.313 
RHN 'E7iP+((C3bKRD'T1. (N)r EXP(C37"AB )) 
C25--s. 8oo22oEs C. 26-. 5.5162560 
C27-4.8640239E-2 
C2814.1764768&S 
C29-1 A4S2093E-t 
C30-6.5459673 
PVS-EXP((C25/T'A(N)006K27"TMN+08 " TMN""2+C29"TMN " "3+C30' LOG(TMN)) 
PV - RHN"PVS 
HRN - (0.622"PV)'(PATM-PV) 
DO2.1-1. NL 
IPI -1+1 
WMC(I) - WMCN 
TM(I) - TUN 
HR(IPI. I)" M/N(IIR>\T. HRN) 
TAIR(IPI. ) )- TAIN 
RH(IPI) )- RHN 
2 CONTINUE 
TAIR(1.1 }THIN 
TAIR41.2rTAiN 
HR(1.1)"IiRN1 
HR(1, z)-HRM 
RH(1)-RHN 
TM(1)"(TAIN+TM1, )7. 
C-- CALCULATE HEAT TRANSFER COEFFICIENTS AND EMC 
HV -175.07"(GA"'0.6906) 
HA - HV/DELZ 
C14 - 6.65707 
CIS --12.6197 
C16-6M94 
C17-, 0.0095 
C18 - 0.01055 
WME - (RHN"(C14+RIßd"(C15+RIßd"CI6)))'EXP((R1ßd"(C17+ 
S RHN"(RHN'CI8)))"TAIN) 
writo(6.666) WME 
666 FORMAT(1F9.4) 
PRINT 21 I, (DEEP(I). 1-1 JK) 
write(1.21 I ). (DEEP(I), 1-1 JK) 
C-- BEGINNING COMPUTATION OF TIME INDEPENDENT CONSTANTS 
IN THE DEPTH LOOP 
TANC - TAIN - 273.15 CPW -1857+0.7918"TANC -0-0064"TANC""2 +0.0001'TANC""3 
CPL - 4209.3 -1.778"TANC + 0.0291 "TANC""2 - 
0.0001 "TANC'"3 
Al - 2. 'GA'CPA 
BI -GA'CPW 
Cl - HV"DELZ 
El -CI'AW/ADC 
A3 - RHOM'CPG 
B3 - RI(OM'CPL 
LOS - 8"K DC+2"((&'COS(BTA)}DEPTii)F2'BDC+WDC+4'(HDC+DEPTH) 
MSCSF-LOS"MPULOS 
AOCV-2'0.50(2"IiDC+13DC"tin(BTAYcoB(BTA))'13DC+(HDC' WDC) 
S +WDC"(HDC+DEP'ni) 
MSCV -AOCV"MPUAOCV 'SHDTRAY) CMPRM - (MSCSF"SHCSF+MSCV"SHCV+MSDTRAY 
E3 - CMPRM/ADC 
GI- (HA/((KW/X) + HA)) 
FI T- ALPHAG'BHT - HRWS"(TATM - 0.0552"(TATM"" 
1.5)) 
FIB-(KW/X)+HA 
Fl - FIT/FIB 
C- CALCUUITE CURRENT TIME STEP. INCREMENT 
TIME AND COMPUTE 
C---TIME DEPENDENT CONSTANTS 
DO 14 JN -12000 
4 DELT -0. S"DELZ'(A3+B3"WMC(I )Y(0.50Al + B1"HR(NLI. 
I)) 
TIME - TIME+DELT 
tin >a - TIME/3600. 
D4 - RHOM "CPW'DELZ'DELT 
D2 - GA'DELT/DELZ 
DI -HV"DELT'AW/ADC 
D3 - (ALPI(AM"TAUG'DELT"BHTYCOS(BTA) 
F2 -(RIIOM"DELZY(GA"DELT) 
C- LOOP TO ITERATE IN TIME 
WRITE(6201) tltntWMC(I ), WMC(NL). DELZ 
201 FORMAT(FI0.4.6X. F6.3.5X. F6.3.5X. F7.3) 
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C-- BEGIN DEPTH LOOP 
DO 102. )-2.1rL1 
IM-J-1 
QP-EXP'({((2"IM'DELZ)Z) " 2rI. OG(0.5)) TMT'(TM(IM) + TAIR(JM. 2 )Y2. 
WMT'WMC(1M) 
C- BYPASS TM EQUATION ON T11E FIRST TIME STEP 
IF(ITERCT. EQ 0) THEN 
HFG - 2560000. 
GOTO6 
END IF 
IF (ITERCT. GTA) THEN 
PCL-221 
RCL. -462.2 
TCI. -W 7.3 
TBL-373.1 S 
HFG-RCL'TCL"TBL"L. OG(PCL)'((TCLrTMT)'"0.38)1((TCLTBL)"" 1.38) 
WRITE (6.3000) HFO 
3000 Fmmu(F8.4) 
END IF 
AD - WUT/(1 + Yº'MT) 
TM(IM) -(TMpMr(A3+B3"AD+Ei-01432"CPL"(IiR(J. 1 }HR(JM. 1))) 
S+0.5"(TAIR(I. 1)+TAIR(IM, 1))"(D1+D2"(CPL+HFG)'(HR(1.1 )-HR(1M. 1))) 
S +D3'QP+D3'VOLIJCHKIA'DC)'(A3+B3"AD + E3) 
GO T0 7 
6 TMT - (TAIR(IM, 2)+2. "TAIR(IM. 1)+TAIR(1.1)y4. 
7 HRT - ((IiR(JM. 1) + 1iR(J. I ))'2. + HR(JM. 2)Y2" 
TT - TMT 
C25 - -5.800220E3 
C26 -. 5-51625W 
C27 - -4.8640239E-2 
C28 - 4.1764768E-5 
C29 -. 1.4452093E-8 
C30 w 6.5459673 
PVS - EXP((C2S1TT)+C26+C27"TT+08"TT"TT+C29"TT"03+C30"LOG(TT)) 
PV - HRT0PATM/(0.622+HRT) 
RHT- PV/PVS 
write(6J333)RiiT. PV. PVS. HRT. TMT. TM(JM) 
3333 FORMAT(6F9J) 
C- EVALUATING CURRENT MEAN MOISTURE CONTENT 
C14-6.65707 
CIS-12.6t97 
C16-6.22394 
C17 --0.0085 
C18 - 0.0I055 
WME -(RHT"(C14+RNT'(C)S+RHT'C16)))" EXP((RHT'(C17 
S+ RHT'(RHT'C18)))"TAIR(JM. 2)) 
write(6.777)V1'ME 
777 FORMAT(F9.4) 
rf(VVME-WMT)66,1.1 
I ike-I 
TXMO-WME 
GOTOS 
66 if("CN-WMT)3,44,44 
3 TXMO-WMT 
gotoS 
44 if(WMT. GT. WMEND)THEN 
TXMO-WMC(IM) 
end if 
if(WMT. LE. WMEND) THEN 
GOTO13 
end if 
S DELM-TXMO-WMEND 
if (ike-1)99,85.99 
85 KAB-KAB +1 
99 XR--2. "R1iT+ 12 
if (WMT. LT. 0.4) then 
DR-((1.0E-23"Pl"02)(Z"2))'(-27400. -5.74" WMT+5.98'EXP(WM'1) 
S +27500. 'EXP(-IJTAIR(J, 1))+223"XR) 
end if 
if ((V1'MT. GE. 0.4). AND. (WMT. LT. 0.7)) then 
DR'((1.0E-19' Pt" "2y(Z""2))"(-27400. -5.74" WMT+5.98"EXP(WMT) 
S+ 27500. ' EXP(-1 JTAIR(1.1)) + 2.23 " XR) 
end if 
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if ((W1MT. GE. 0.7). AA'D (-A'1. tT. LT. I 2 )) then 
DR-((1 AE-14'PI"2) (2""2 ))'(-27400. -5.74" WMT+S. 98' EXP(WM1) S+ 27500. 'EXP(-11TAIR(1.1)) + 223'XR) 
end if 
if (WMT. GE12) then 
DR-((1.0E-12'PI"2)(2"2 ))'(-27400. -5.74' WMT+S. 98' E)LI(w7NT) S+ 27500. 'EXP(-11TAIR(1.1)) + 223'XR) 
end if 
-140.0) DR 
PUM-0 
DO434 N-1.100 
GM-(2'N -1)"2 
F(N)-EXP(. 1. 'GM 'DR'TIME) 
PUM - PUM + F(N) 
434 CONTINUE 
WMC(JM) -11'MT -(Hl(PI"2))'DR'DELM'M]M'DELT WMT-WMC(IM) 
waite (6.145) WMTpUM 
54S FORMAT(2F9.4) 
C-- COMPUTATION OF RUMMY RATIO (HR(J. 2)) 
HR(J. 2)sHR(1M. 2) - F2'(WMT-'*'MC(JM)) HRT-{HR(JM. 2 )+H R(J. 2 ))Z. 
C-- COMPUTATION OF AIR TEMPERATURE (TAIR(J. 2)) 
TAIR(J. 2)-(TAIR(1M. 2)'(AI+B 1'2. 'HRT- C1+ D4'(WMT-WMC(JM)) 
S+ El *(G l -1))+2'TM(1M)'(CI 4D4'(VI'MT-WMC(JM)))+2'El'FI 
Y 
S(A I +B 1'2! IiRT+CI +D4'(WMT-NINC(IM))+El'(1 GI )) 
TABS-TAIR(1,2) 
C- CALCULATE RH AND CHECK FOR CONDENSATION 
SS-TABS 
C25-5.800220E3 
C26-5.5162560 
C27--4.8640239E-2 
C28-4.1764768E-5 
C29-1-4452093E-9 
C30-6.5459673 
PVS-EXP((C2S/SS)+C26+07'SS+C28'SS'SS+C29'SS "3+C30'LOG(SS)) 
PV - (HR(J. 2)'PATMy(0.622 + HR(J. 2)) 
RH(J)- PV/PVS 
IF((RH(J)-RHTP). LT. O) THEN 
GOTO9 
END IF 
IF ((RH(J}RHTP). GEO) THEN 
GOTOB 
end if 
8TXWB-TMT 
1-0 
2111 IF(I. LT. 50) THEN 
TI WBC - TX%1B 
TI DB -TABS 
C25--5.800220E3 
C26-5.5162560 
C27--4.8640239E-2 
C28-4.1764768E-5 
C29--1.4452093E4 
C30-6.5459673 
PWSI B-EXP((C25fT1 WBC)+C26 +4C27'TI WBC +C28'TI WBC"2 + 
S C29'TI WBC"3+C30'LAG(T1 WBC)) 
W1 STAR-(0.62198'PWS I By(PATM-PWSI B) 
Tl WB-(2501'(HR(1,2). W I STAR)+(TABS-273)'(1.805'HR(J. 2)+1)) 
S /(1,2.381 *WI STAR+ 4.196*HR(1,2)) + 273 
TI DBC-TI DB-273 
PI V-HR(1.2)'PATM/(0.62198+HR(1.2)) 
AI LF - L. OG(PI V/I000. ) 
C31-6.54 
C32-14.526 
C33-0.7389 
C34-0.09486 
C35-0.4569 
TIDPC-(C3I+C32'AILF+C33'A1LF"2+C34'AILF"3+ 
S C35'(Pl V/1000. )"0.1984) 
IF(TXWB. GETI DBC) THEN 
TXWB-(TI DBC+TI DPCy2. 
END IF 
IF(TXWB. L. E. TI DPC) THEN 
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TXWB-(Ti DDC+TI DPC) 2. 
END IF 
IF ((T)(MB. GE. TI DPC)AND. (TXVIB. LT. TI DBC)) THEN 
TXWB-(TI DPC+TI DBC}2. 
END IF 
IF(ABS(TXWtB-TI WBC). GT. I AE-1) THEN 
1-1+1 
TI WIIC-TXWB 
GO TO 2111 
END IF 
IF (ABS(TXWB-TI WBC). LEi AE"1) THEN 
GO TO 162 
END IF 
162 TWBA - TXWB 
HS-HR(J. 2) 
END IF 
C--TA-WETBULB TEMPERATURE. HR-WET BULB HUM. RATIO 
TAIR(J. 2)1T% BA 
PP-111411A. 
C23--5.800220E3 
C26--5.5162560 
C27--416402391r2 
C28-4.1764766E-5 
C29--1.4452093E4 
C30-63459673 
PV-RHTP"EXP((C25, PP)"C26+C27"PP+C28"PP"PP+C29"PP"3+C30" LAG(PP)) 
HR(J. 2) -0 62198"PV/(PATM-PV) 
RH(J)-RHTP 
NCOND-NCOND+I 
9 WMT-WMT+(HS41R(J, 2))V2 
WRITE(6.333) % `MT 
333 FORMAT(IF8.4) 
WMC(JM)-WMT 
C- END OF DEPTH LOOP 
C SHIFT ARRAYS AND COMPUTE AVERAGE MOISTURE CONTENT 
1 02 CONTINUE 
SUM-0 
DO 103. M-2. NL1 
J-M 
TAIR(J. I) -TAIR(J. 2) 
HR(J. 1)-HR(J. 2) 
SUM - SUM + %%MC(J-1) 
103 CONTINUE 
WMAVE-SUM/NL 
PAN-0 
DO III. J-I. NL 
PAN - PAN + TAIR(J. 2) 
III CONTINUE 
TAMEAN - PAN/NL 
PUN -0 
DO 112.1-2. NLI 
PUN - PUN + TM(JM) 
112 CONTINUE 
TAMEAN - PUN/NL 
ITERCT-ITERCT+1 
NODES-NL"ITERCT 
PNCOND-NCOND" I00JNODES 
PKAB-KAB"IOOJNODES LOW ENOUGH. OR TIME C- CHECK IF TIME TO END. MOISTURE CONTENT 
C--- TIME TO PRINT. IF NONE GO TO START OF PROGRAM 
IF((tima-TTP). LE. 0) THEN 
GO TO to 
END IF 
IF((tirtn-TTP). GT. O) THEN 
GO TO 12 
END IF 
10 IF ((WMAVE-WMEND). LE. 0) THEN 
GO TO 12 
END IF 
IF ((WMAVE. WMEND). GT. 0)THEN 
GOT011 
END IF 
II IF((tima-PRT). LEO) THEN 
GOTO4 
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END IF 
IF((amI-PRT). GTA) THEN 
gown 
EX'D IF 
C-_ SET FUG IF EXIT COKDITTON IS MET 
12 IEXIT-I 
If (IEXJT"1)4.13.4 
13 PRT-PRT+TBT1\7R 
ENERGY- BHT`(ADC f L"16 DC)"nma"3600 
: VMCN-2A1 
:1 MCIvW13-V1 MCN TI f WMCN) 
%%'MAVEW'B-W'MAVE I"W'MAVE) 
WATER -19ý0"WT"(WMCNWV - Y1'MAVE%11i11 " WMAVEt1B) ETAD -(WATER1NERGY)0l00. 
HSSTAR-(1(R2"(2501.1.805"(TAIN-273.1 S)i. i 86"T2WB) 
S +(TAIN-T2N11-273.15)YX2so1-2.3E1"T2WB) 
canto(! ')EISSTAR 
HIN-HR(J. I) 
W_t-WT"(WMCN"W'MAVEYCI. WMCX) 
PICKUP-E- (W t'(MFDOT"TIMA"3600"(HSSTAR-HIN)))"100. 
w 1te(6.212) amt. PNCOND. PKAB, W'MAVE, ENERGY. WATF. R. ETADPICKUP E 
wnte(1,212)tima, PNCOND. PKAB. W'MAVE, ENERGY. WATER. ETAD. PICKUP E 
WRITE(6,211)drtr6WMA V ETAM EAN. TA(M EAN. ETAD, PICKUP_EETACIN, TAIN, 
S 8112 
wnte(I. 2I31(TAIR(1,2)I-1. Ir11, X'DIBO) 
"106.213 L (TAIR(1.21.1-I. NLI. NDIBO) 
wnte(l. 214). TU(1). (TM(1), 1-NDIBO. NL. NDIBO) 
wnte(6.2I4). TM(I ). (TM(I)j-NDIBO. NT.. NDIIIO) 
"W1.215L W'MC(I), (WTNC(I)J-NDIBONC, NDIBO) 
nte(6.215). W MC(I). (W'MC(I)1-NDIBO. NL, ND1BO) 
wnte(1.216L(RH( )J-l, NT_I. NDIBO) 
w'ttto(6,216). (RI1(1), 1-I. NLI, NDIBO) 
'nte(1,217). (HR U)1-I. NLI. NIXBO) 
wnte(6.217), (HR(I. 2)1-I. A11. A'DIBO) 
u'RITE(2.218) bma. W'MAUETAMEAN. TMMEAN. ETAD, PICKUP E, ETACIN. 
S TAIN. RH2 
IF ((WMAVE. LT. WMEND)AR. (tima. GT. TiP)) THEN 
STOP 
ELSE 
WMgI) - YI'MAVE 
GOw14 
end if 
14 CONTINUE 
"""""""""""""""""""""""""""""FORMAT"""""""""""""""""""""""""""""""""""""""""" 
211 FORMAT(I IH DEPTH 6F1.2) 
212 FORMAT(F8.3.2XFg3.2XJI. 4,3X, F1.4,23(. F10.1.2X, F9.1.2X. F6.2,1X. 
$ F6.2) 
213 FORMAT(I I HAIR TEMP 6F83) 
214 FORMAT(1 IH PROD TEMP 1 F7.3.5FS. 3) 
215 FORMAT(I IH MC DB 1 1773.5178.3) 
216 FORMAT(11 H REL HUM 6F83 ) 
217 FORMAT(I lH ABS HUM 6F8S) 
218 FORMAT(F8.3,1 ). Fg3. I X. F8.3,, X. F1.3, I X. F8.3.1 X, F8.5. I X, F7.3, 
SIX. F7.3.1 XX7.3 
END 
SUBROUTINE SAH (T F. TA. W. AC. DEPTH. P. Q. TFI OIN. TF20IN. RH2,3HT. HR2, 
S ml, tn2, m, vltinv2tin, etacin. rhl, T2WB) 
integer ndum 
Panmetet(ndim-2000) 
DOUBLE PRECISION TF. TA. TP. TB. TC, M. RHI. RHN. HR2. BHT, T2WB 
DOUBLE PRECISION Ml, M2, TFIOIN. TF2OIN. VISEN, V2S[N 
DOUBLE PRECISION V1S(ndimLV2S(ndimLTF10(ndim), TF20(ndim) 
DOUBLE PRECISION AONE, ATWO. CPl. CP2. CPM. RH01. RH02, 
S 1, S2, W 
double precision ac. DEPTH. p. Q. tfl inX7jn. DELTAY. ETACIN. 
RH2 
external aychatt, gedur """"""..... ". "" '''''OPEN (UNIT-3. STATUS- hcv, FILE-chL3. DA i7 
J-0 
DO 6. J-1.1 
WRITE ('! ) INPUT THE AMBIENT TEMPERATURE TA: -' 
READ ("! ) TA 
CALL GETFUR (ndim. V 1 S. V2S. TF I O. TF20, S I. S2, W TFI IN. 
TF2IN, TA, 
S VISIN. V2SIN, AC, )EPTH, P. Q. DELTAY. ETACIN, TP. TB. 
TC, BHT. TF' ' 
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S MI. M2, M, WH1, R1(N) 
TFI OIN " TFI IN 
TF2OIN - 7F21N 
W- SQRT(ACrQ) 
SI -DEPTH 7, (P+1) 
S2 - DFPTIHI(P+1) 
CPM "0 0098"(TFIOIN + TF20IN)2 + 1003-8 
RIHOI- -0.00380TTIOIN + 2.318 
WR. lm*. *)'RHOI : w. RIHOI. T. ttn" 3' 
RHO2 - -0.00389TF2OIN + 2.318 
WRIM" ' )'RH02: 1. RH02. ti ßm"3' 
CPI 10.0098"TFIOIN+ 1003.1 
WRITF(". 'yCPI1. CP1.3.18 K' 
CP2 - 0.0098"TF2OIN + 1003.8 
WRTHT: (! "yQ2: -'jC72,31. $ K' 
AONE-SI"W 
ATWO - S20 W 
MI - RHOI "AONE"VISIN 
WRITE('. "17NI: w. M(. %&v 
M2 - RH02"ATWO"VZSIN 
WRITE("')M2 ß. M2. %1's' 
M -MI+M2 
WRITE (! ") M ý. M. 'kt's' 
Ty-((M 1'CP 1 "TFIOIN+M2"CP2"TF20[N)'((M I+M2)"CPM)) 
C- alhnt sychait norr-----hobma--- 
R112-0.0 
Call sychart(tf TA. RH2, RI1I, RHN, HR2. T2WB) 
WRITE(". º TF+. ". TF; IC 
wnle(6, "ptll m-r tf1 m 
WRITE(I, SO)tfaetactn. pA. acd ltay, dept . tflinti2m. vlsin. v2sin, S ml. tn2. rh2, at, Jj4 
50 FORMAT(17(F13)) 
6 conttnuc 
END 
Csss"""ssssss"ssssss"s"""""s"s""sss"""sss"""sss"""s"ss"s""ss"s"""""""""" 
SUBROUTINE GETFUR(nd%m. V I S. VZS. TFIO, TF2O, S I. S2. W, TFI IN. TF2IN. TA. 
S VIS[N. V2SIN, AC. DEPTH. PQ. DELTAY. ETACIN. TP. TB. TC, BHT. TF, RH2. 
SMI. M2. M. RH I. RHN) 
integer ndim 
DOUBLE PRECISION L DELTAY. ETACIN. SBARC. SBARP. BHTXCA. V I S. V2S 
DOUBLE PRECISION PHII, PHI2. PH13. PK14, MDOTIS, MDOT2S. Q. TA. Y 
DOUBLE PRECISION FF1. FF2. K1. K2.1TIO, TF20, W. SI. S2. MDOTI, MDOT2 
double precision vI sm, v2sm, ac, DEPTH, p, tf1 in, tf2in. TF. R112 
double precision FACTI. FACT2,77. TB, 7r-RHOA. RHOINCI. RHOINC2 
double preciswn M I. M2. M. RH I. RHN. FACT 
INTEGER NTX 
DIMENSION TFIO(rdim), TF20(ndtm)V1S(ndim). MD012S(2000). ETAC(2000) 
DIMENSION X(2000y, Qu(2000). V2S(2000). MDOTIS(2000). Y(S00) 
PARAMETER (KI-2.0J(2-020, BETA-0.1135) 
PARAMETER (FACT-0.2) 
CA - 0.0098"TA + 1003.8 
R HOA- -0.0038 "TA + 2.318 
WRITE (! ") INPUT THE VALUE OF Q: "' 
READ ("! ) Q 
WRITE ('! )'INPUT THE VALUE OF AC: -' 
READ (! ") AC 
WRITE (; ") INPUT THE VALUE OF DELTAY-10 
READ (; ") DELTAY 
WRITE (; ') INPUT THE VALUE OF DEPTH: -' 
READ ( ; ") DEPTH 
WRITE (! ') INTUT THE VALUE OF P.: -' 
READ (". ") P 
CALL RADTNA(SBARC SBARP. BHT) 
CALL GETSiX(P)V1. PH12. PHI3, PHI4, MDOTI. MDOT2. L. W. TF11Al. 
TF21NTA, 
SDEPTH. AC, P. Q. DELTAY. v Is in. v2nn. etacin. tfdh2, tp. th, tc, 
BHT) 
TFIIN-TA 
TF21N - TA 
YO-0 
L- SQRT(Q"AC) 
W" SQRT(AC Q) 
S1 " DEPT1i"P1(P+I) 
S2 " DEPTW(PH) 
NTX - NINT(IJDELTAY) 
WRITE (! ")'NTX -". NTX 
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WRITE (6.21) 
DO 181-1. NTX 
v(n-YO+DELTAY 
7FIO(4-(r(2-Pill I"DELTAY))"((PHII"DELTAY+2)"TFIIN 
S +2"PH12"DELTAY) 
TF2O(1)-(14(2 
- PHI3"DELTAY))"((PHI3"DELTAY *2)"TF21N $+ 2"PHI4'DELTAY) 
DHI -2"WS1/(W+S1) 
D112 -2"WS21(w+S2) 
RHOINCI - (-0.0038"(TA + 6) + 2.3180) 
RHOINC2 - (-0.0038"(TA + 3.6) + 2.3180) 
FFI- I44"i. OG10(KII(3.701000"DHI))002) 
FF2- IJ(4"LOG10(K243.7"I000"DH2))0"2) 
If (AC. I. E. 2.7) THEN 
FACTI-122 
FACT2 -1.31 
**'I S(2)-SQRT((DHL 16.4450129143"RHOA"SIN(1 A"BETA)"(TFI O(I)-TA)) 
$ k(FFI "RHOINCI "(I. 8"TFI O(I) + 1.8"(7J13)"TA -460)))"FACfI V2S(I)-SQRT((D112" 16.445 " I. 29143"RHOA"SIN(1.0"BETA)"(TF2O(1)-TA)) 
S 4FF2"RHOINC2"(I. 8"TF2O(1)+I. 30(7J13)"TA -460)))"FACT2 MDOTI S(I) - RIIOINCI "Sl"WVIS(I) 
MDOT2S(I) -RliOINC2"S2"WV2S(I) 
END IF 
IF (AC_GE2.8) THEN 
FACT2-0.230 
VI S(1)-SQRT((Dil1.16.445.129143"RHOA"SIN(1.0"BETA)"(7Fl0(I)-TA)) 
S/(FFI "RHOINCI'(1.8"TFI O(I) + I. 80(7J13)"TA -460)))"FACT V2S(».. SQRT((DH2.16.445.129143"RHOA"SIN(1.0"BETA)"(IF2O(I)-TA)) 
S4FF2"R11OINC2"(1.8"TF2O(1) +1.80(7J13)"TA . 460)))"FACT2 MDOTIS(I) -RHOINCI"SI"WVIS(l) 
MDOT2S(I) - RHOINC2"S20WV2S(1) 
END IF 
C""""" CALCULATION OF THE EFFICIENCY OF THE AIR HEATER 
QU(l) -M DOTI S(1)"CA"(TFI 0(l)-TA) + MDOT2S(I)"CA"(IF20(l)-TA) 
ETAC(t) - (QU(ly(BHT"Y(I)"X(I)))"100. 
TFI IN - TFIO(I) 
TF2IN - TF2O(1) 
YO - Y(I) 
WRITE(6,13(F7.3,4X). "4("F7.3,4X)r)Y(t). X(I). TF 1 O(1). 
S TF2O(I). ETAC(p, VIS(4V2S(I) 
21 FORMAT(1ENGTIf, 6X. 'ATDTIf, 4X. TEMP(lr. 4X. 
S TEMP(2r, SX. 'F 7CIENCr. SX. 'Vl'. 9)C. 'V2) 
18 CONTINUE 
wnte(6.0rt(1 in --. t11 in 
VI SIN -V1 S(NTX) 
V2SIN - V2S(NTX) 
ETACIN - ETAC(NTX) 
END 
Crrrrrrrrrrrrrrrr... s.. rrrrrrrrrrrrrrrrrerrsrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 
SUBROUTINE RADTNA (SBARC. SBARP. BHT) 
C THIS SUBROUTINE PREDICTS PROGRAM THE SOLAR RADIATION INCIDENT ON A SLOPED SURFACE PER UNIT 
C TIME AS WEtj. AS SOLAR RADIATION ABSORBED BY THE COVER AND THE ABSORBER PLATE 
DOUBLE PRECISION SIE, BNOT, TITA. TAUAFAB. TAUGS, TAUDS 
DOUBLE PRECISION ALFAC. PIE, GSC. D. APP. RBARPRM. BETA 
DOUBLE PRECISION SBARP. SBARC. RKTBAR. BNBAR. OMGASP, B 
DOUBLE PRECISION OMEGAS, MEGSPP, HDHBAR. RHOG. PHI. DELTA, ALFADSA 
DOUBLE PRECISION HBARNT, BPP, N. SNBAR. ALFAN, TAUAFN 
DOUBLE PRECISION RNUM I. RNUM7, RNUM3, RNUM4, RNUMS, RECON 
DOUBLE PRECISION TERM 1. TERM2. TERMS, TERM4, BHT, ALFAGS 
DOUBLE PRECISION RNUMA. RNUMB. RNUMC, RNUMD. RNUME. NDS 
PARAMETER (SIE - 0.96. APP-0.249. RHOG -0.2. BETA 
O. 1135, PHI 0.1135, 
S BPP-O. 447, BNOT - -0.1, PIE- 3.142, TAUAFN-0.854, 
TAUDS-0.74. 
$ AL. FAC-0.12. TAUGS-0.74, TITA- I. 0471. ALFAN-0.88, 
S RECON -0.968. NDS-I I. O, N-S. O. GSC-1367, SNBAR-290) 
C COMPUTE DECLINATION 
DELTA - 23.45 " SIN(2"PIE"(284. + SNBARy365. )"PIE1180. 
C COMPUTE SUNSET HOUR ANGLE ON HORIZONTAL AND TILTED SURFACES 
OMEGAS- ACOS(-TAN(PHI)"TAN(DELTA)) 
MEGSPP- ACOS(-TAN(PHI- BETA)* TAN(DELTA)) 
IF (OMEGAS. GT. MEGSPP) THEN 
OMGASP - MEGSPP 
ELSE 
OMGASP - OMEGAS 
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END IF 
C CALCULATE A. B. D, BNBAR. RICTBAR 
A-0.409 + 0.5016"SAi(OM EGAS - 60. "PIE/l 20-) B"0.6609.0.4767"SIN(OMEGAS - 60. "PIFJI 20. ) D -SIN(OMWAS)-OMI3GAS"COS(OMEGAS) 
BNBAR - 211 S. "(OMEGAS' i $0. 'PIE) 
RKTBAR- APP + BPI'NBNBAR 
C CALCULATE I03ARNT 
TERM I -I +0O3)0O0rS(2"PIE"SNBARI36S. ) 
TERM2 -COS(PHI)'COS(DELTA)*SIN(OMEGAS) 
TERM) - OME"GAS"STN(PHI)"SIN(DELTA) 
TERM4 - 24! 3600. "GSGTIE 
1113ARNT - TERM4 "TERM 1 "(TERM2 + TERMS) 
WRRE("! flWARNT: -'. NBARNT. 3, 'M"2' 
C COMPUTE HDHBAR 
IF ((OMEGASI. E. $1.4)AND. ((RKTBARGE. 03) 
S AND. (RXTBAFLLE-0-S))) THEN 
HDHBAR-(1391 -3360"RKTBAR+4.129"RKTBAR""2 S"2.137"RKTBAR""3) 
ELSE 
HDI(BAR-(1.311 -3O22"RKTBAR + 3.427"RKTBAR""2 S -1.221 "RKTI3AR""3) END IF 
C CALCULATION OF ABSORPTANCE OF DIFFUSE AND GROUND-REFLECTED RADIATION 
ALFAGS- (I. + 23045I3.3"TTTA " 1.990E-4"TTTA""2 S +5324E-6"TITA""3 -4.799E-2"TRA""4)"ALFAN ALFAGS-(1. +23(45E. 3"TTTA -1.990E-4"TRA""2 S+ 3324F, 60T7TA""3 -4.799E-8"T TA""4)"ALFAN C CALCULATION OF TRANSMITTANCE-ABSORPTANCE PRODUCT OF DIRECT RADIATION 
TAUAFAB- (I. + BNOT"(1 JCOS(UTA) -1. ))"TAUAFN C COMPUTE RBARPRM 
RNUM I- COS(PHI - BETA)'(D"COS(PHI)) RNUM2 - SIN(OMGASP) -OMGASP'COS(MEGSPP) RNUM3 - OMGASP + SI4(OMGASP)"COS(OMGASP) 
S {2. "COS(MEGSPP)) 
RNUM4 - HDHBAR"(l. +COS(BETA))"0.5.1.01 "TAUDS"ALFADS 
RNUMS - RHOG"1.01 "TAUGS"ALFAGS"0.5"(I. + COS(BETA)) 
RBARPRM-RNUM I "((A44DHBAR)"RNUM2+B'03"RNUM3)"TAUAFAB+RNUM4+ RNUM5 
C COMPUTE MONTHLY-AVERAGE ABSORBED RADIATION BY THE ABSORBER 
SBARP - REC'ON"SIE"RKTBAR"RBARPRM"HBARNTkNDS"3600. ) 
C COMPUTE MONTHLY-AVERAGE ABSORBED RADIATION BY THE COVER 
RNUMA - COS(PHI - BETAY(D"COS(PHI)) RNUM13 - SIN(OMGASP) - OMGASP"COS(MEGSPP) RNUMC - OMGASP + SIN(OMGASP)"(COS(OMGASP) - 2. "COS(MEGSPP)) 
RNUMD - HDHBAR"(1. + COS(BETA))"03 
RNUME- RHOG"0.5"(1. +COS(BETA)) 
RBAR-RNUMA"((A-HDHBAR)"RNUMB + B"0.5"RNUMC) + RNUMD + RNUME 
SBARC - RE, CON"RBAR"RKTBAR"HBARNT"ALFAC/(NDS"3600. ) 
C COMPUTE AVERAGE MONTHLY RADIATION INCIDENT ON THE AIR HEATER 
BHT -RECON"RBAR"RICTBAR"HBARNT/(NDS"3600) 
WRITE (6.91) 
WRITE(6.16(F2.3.4X))*)DELTA. A. B, D, TAUAFAB, OMEGAS 
91 FORMAT(' ". 'DELTA'. 2X'A'. 1IX'B'. IOX. 1Y. IOXTAUAFAB' 
S . 6XQ0MEGAS) WRITE(6.92) 
W RRE(6. '(7(F2.5.2X))7)RNUM I , 
RNUM2. RNUM3, RNUM4. RNUM 4, ALFADS, 
S ALFAGS 
92 FORMAT(` ". 'RNUMI'. S)C. 'RNUM2'. 4X, 'RNUM3'. SX. 'RNUM4'. 6X. 
$ `RNUMS'. 4X. 'ALFADS'. 5X'ALFAGS') 
WRITE(6.93) 
W RITE(6,12(FS. 4.2)CV '2(E 12.4,2X)))TERM I . TERM2. 
TERM3. TERM4 
93 FORMAT(' ".? ERM I', 6X. TERM2', 7XTERM3', 9XTERM4' 
**'RITE(6,23) 
WRITE(6. '(2(F5J, 5X), " -. EI2.6. " ". 2(F5.3,6X)))RBARPRM. 
S HDI(BAR. HBARNT, RBAR. RKTBAR 
23 FORMATCRBARPRM'. 3XHDHBAR', 9X. 'HBARNTIOX'RBAR' 
S 
. 7X'RKTBAR) WRITE (6.55) 
WP ITE(6. Y3(F7.3. SX))')SBARC. SBARP, BHT 
55 FORMAT(' . 'SBARC. 6X. SBARP', 2X'BHV) 
RETURN 
END 
Appendix B 
298 
............................................................................ 
SUBROUTINEGETSIX(THHI. P il2JH13. PH14, MDOTI, MDOT2. L. W. TFIIN. TF2IN. 
S TA, OF. PTII. AC, P. Q, DEI. TAY. v1 sm, v2sm, Kjb2"cmjpdb. IC, BIIT) C""" PROGRAM PREDICTS THE AIR FLOW-RATE AND TEMPERATURE AT OUTLET SECTION 
OF THE COLLECTOR AS WELL THE PLATE, COVER AND BOTTOM PLATE 
' TEMPERATURES. PROGRAM ALSO ESTIMATES THE HEAT TRANSFER COEFFICIENTS 
intcgeºi 
DOUBLE PRECISION TF2O. TF I O. TF I IN. TF2IN. RIIIOINCI . RHOA. 
CA. V I .S1.52 DOUBLE PRECISION V2. MDOTI. MDOT2. ARI, AR2. UEI. UE2, UB. V W. KVISTA, H I , H2 DOUBLE PRECISION H3. H4. KV7STI. KVIST2, XSTAR. HRCS. HRPB. HRPC. HW. XINS 
DOUBLE PRECISION KUS. TS. TC TP, DELTAY. TFI. TF2, RA2, KB. XB. PH14 
DOUBLE PRECISION W1', L. BETA, TA. FSLONP, FSLONC. FSLONB. SIGMA. NUI. NU2 
DOUBLE PRECISION GAMMA I. GAM MA2. GAMMA3, LAM DA I . L. AMDA2, 
E. A I .B1, 
CI 
DOUBLE PRECISION DI. E1. Fi. A2, B2, D2, E2. F2. A3. B3. D3JHI IJH12. PHI3 
DOUBLE PRECISION Ti. T2,3PRMTIJ3PRMT2. RAI. GEEI. PRIJR2. KTA, KTI. KT2 
DOUBLE PRECISION IFI PRMO, TT2PRMO, RHOAPRM. FA. P. Q. GPS. FFI, SBARC 
DOUBLE PRECISION LPRMJiB. RHOINC2. FF2. SBARP. KI. K2. BHT, DEPTH, ac, FACT 
double proasron FACTI. FACT2, vI sm, v2sm. eiacin rh2 double pmaaon TB 
PARAMETER (SIGMA . 5.67E48, FSL ON7 - 0.96, 
S1113-13, 
S FSLONC - 0.94. FSWN3 " 0.93. S KINS -0.17 . XINS -0.02, VW-0.01. S PR I"0.704JR2.0.704X2.020. 
N K13-0-I2J(31.0124r9.91, BETA"0.113S, PHI-0. I 13S KI-2.0, FACE"0.2) 
GPS-0.0 
Co' GUESS VALUES OFABSOR13ER PLATE, COVER AND BOTTOM PLATE TEMPERATURES 
C'"" AND MASS FLOW RATES-"" 
WRITE (! ") TNI'UT INITIAL OR GUESSED VALUE OF TP: ' 
READ (! ') TP 
WRITE (.. ')INPUT INITIAL OR GUESSED VALUE OF TB: -' 
READ (0.0) TB 
WRITE (.. ')'INPUT INITIAL OR GUESSED VALUE OF TC: '' 
READ (! ") TC 
WRITE V. 0) INPUT INITIAL VALUE OF MDOTI : -' 
READ (0.0) MDOT1 
WRITE (0.0) IPUT INITIAL VALUE OF MDOTZ=' 
READ ("! ) MDOT2 
CA - 0.0098'TA + 1003.8 
RHOA - -0.00380TA+2318 C""'" EVALUATION OF THE BACK AND EDGE LOSS HEAT TRANSFER COEFFICIENTS'. ' 
1-0 
101 IF (I. LT. 100) THEN 
W- SQRT(AC1Q) 
L- SQRT(Q'AC) 
SI-DEPTH"P/(P+1) 
S2 -DEPTH. p+ 1) 
UEI "20(((KINS/XINS)"SIYW) 
UE2 -2'(((KINS/XINS)'S2)/W) 
UB " 1.4XB, KB +I JHB) 
Coo" EVALUATION OF THE DEPTH ASPECT RATIOS "'" 
ARI -L/Si 
AR2 -Lw 
Coo" EVALUATION OF WIND HEAT TRANSFER COEFFICIENT'. '. 
KTA - (0.0732'TA + 4.1672)/1000. 
KVISTA - (0.0942'TA + 23180)(1000000. 
RE - VW'L/KVISTA 
HW - (KTA/L)"(75. + 0.42'RE"'0.6) 
C"""" EVALUATION OF FREE CONVECTION TRANSFER COEFFICIENTS'... 
CA - 0.0098"TA + 1003.8 
RHOA--0.0038'TA + 2318 
XSTAR -SI" W/(2'(S I+ W)) 
TI " (TP + TCy2. 
T2 -(TP+TBy2. 
BPRMTI - UT! 
BPRMT2 -11 T2 
KVIST2 - (0.0942'(TA + 3.6) + 23180)/1000000. 
KVISTI -(0.09420(TA+6)+23180)/1000000. 
RAI - G"BPRMTI "(TP " TC)'S I "'3. "PRI/KVISTI 
""2. 
GEEI -1708/(COS(PFII)"RAI) 
TERMF - 1. - (GEEI "SIN(I. 8'BETA)00 1.6) 
IF (GEEI. GE1) THEN 
TERMG' 0 
ELSE 
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TERMG -i. -GEEI END IF 
TERMH - ((RAI'CDS(BETA)"SIt30)"" 1n -1) IF (TERMH. LEO) THEN 
TERM -o 
ELSE 
TERM - TERM11 
END IF 
IF (ARI . LT. 12) Qrs H2 - 0.54'(RAI'COS(BETA))"025 
END IF 
IF (ARI 
. 
CT. 12) THEN 
IF ((BETA . GT. O)A1. 'D j BE'TA. LE. 60)) T1tEN KTl - (0.0732'(TA + 11)+41672Y1000. 
H2 - (4'KTI1S1 )*((1+(1.44"TERMF"TERMG)+TERM)) 
IF (Iü. CT20) THEN 
112-20 
END IF 
END IF 
END IF 
RA2 -G'BPRMT2'(TP-TBr(S2"3)"PR2. '(KVIST2'"2) 
GEE2 - I70aYCOS(THI)*RA2) 
TERMI -1 -GI: f2"SIN(I. t"BETA)"(1/6) TERMK -(RA2'COS(13ETA)'S930)'"(1! 3)-1 
IF (AR2. GT. 12) THE]d 
IF ((BETAGT. O). AND. (i3ETA. LF-6o)) THEN 
KT2 -(00732'(TA + 6) + 4.1672Y1000. 
H4 -(I'KT2, 'S2r((1 +(1.44"TERMI'(ABS(TERMK)+TERMK)2) 
S+ (ABS(TER1utK) + TERMK)2)) 
END IF 
END IF 
KTI - (00732'(TA + 11)+4.1672)1000. 
GRTI - (G'BPRMTI "(TP - TC)"L"3)'(K%1STl "2) Ht -(2. 'KTI/I. )0034'((GRTI'PRI'COS(BETA))"'(1! 3)) 
1(12 -(00732'(TA + 6) + 4.1672)1000. 
GRT2 -(G"BPRMT2'(iP-TB)'L"3Y(K%7ST2"2) 
H3 - (1. 'KT21L)'0.135'((GRT2"PR2'COS(BETA))""(IJ3)) 
IF (AR2. LT. 12) THEN 
H4 - 0.1 S'(RAI'COS(BETA))"025 
END IF 
C""'" EVALUATION OF RADIATION TRANSFER COEFFICIENTS ""' 
TS - 0.0SS2' TA" I .S HRPC -SIGMA'(IP"02+TC"02)'(TP+TCY(I/FSLONP+ I/FSIANC-1) 
HRPB -SIGMA"(TP0"2+TB"2)'(TP+TBY(1/FSLONP+1/FSIANB-1) 
HRCS - SIGMA'FSI. ONC(TC"2 + TS'"2)'(TC + TS) 
C"'" ESTIMATION OF THE AIR TEMPERATURE AT THE OUTLET OF THE COLLECTOR "'" 
CALL RADTNA (SBARC. SBARP. BHT) 
TF1IN -TA 
TF2IN -TA 
E -HRCS+HW+HI+1{RPC 
FA -UB+HRPB+114 
Al -113 +112 + HRPB - HRPB''2/FA + HRPC - HRPC'02/E 131 -H2+HRPC'Hl/E 
CI - H3 + 1(RPB9144,7A 
DI - HRPB'UB'FA + HRPCHW/E 
EI - HRPC'HRCS'E 
Fl - HRPC/E 
A2 W'(H2 + HI'HRPC/E) 
62 - W'(H2+III -HI"2/E+UEI'Sl/W) 
D2 - W'(H1'ItW/E+ UEI'SI/W) 
EZ - W(HI'HR(SlE) 
F2 W'(HI/E) 
A3 - W'(H11 + H4'HRPB/FA) 
B3 - W'(H3 + H4 - H4'"2/FA + UE2'S2/W) 
D3 - W( H4'UBTA + UE2"S2/W) 
GAMMA3 - Dt'TA + EI 'TS + Fi'SBARC + SBARP 
GAMMA2 -(1/(MDOT2'CA))"((A3'DI/Al + D3)'TA +A3'EI/Al'TS 
S +A3'FI/Al'SBARC+A3/Al'SBARP) p2'El/Al+E2)'TS GAMMAI-(i/(MDOTI'CA))'((A2'DI/AI+D2)*TA +( 
S +(A2'FI/AI +F2)'SBARC+A2/Al'SBARP) 
LAMDAI - (1/(MI)OTI'CA))'(A2'B 1/AI - 132) 
LAMDA2 - (I/(MDOT2'CA))'( A3'BI/AI) 
NUt - (IKMDOTI'CA))' (A2'Cl/AI) 
NU2 -(14MDOT2'CA))'(A3'Cl/Al -B3) 
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PHI, -LAMDAI-NUi"BICI 
P1i12 -NUl'AUCI'TP-)\Vt'GAMMA3C1 +GAMMAI 
P1113 ' NU2 - LAMDA2"CI1131 Ptü4 " IAMDA2"A11B1"TPd. AMDA2"GAMMA3.111/GAMMA2 
TFtO -(IJ(2-PHII"DELTAY))'((PIi11"DELTAY+2)'TF1, N 
S +2"PHI2"DEY. TAY) 
TF2O -(142-PI113"DEI. TAY))`((THII"DELTAY+2)"SF'21N 
S +20P1iU"DEi. TAY) 
C"'" ESTIMATION OF THE COVER. THE ABSORBER PLATE AND BOTTOM PLATE 
C TEMPERATURES ""'" 
TP2 - TP 
T132 a TB 
TC2 - TC 
TF11N - TA 
TF2IN' TA 
771 - (TF 1, N + TFI O)2 
TF2 - (TF2IN + T720)2 
IF (AC. LE. 2.7) THEN 
CTP- 1.04 
CTB - 0.958 
CTC -1.03 
11' -(CTPtAI)'(BI"TFI+CI"TF2+GAMMA3) 
TC 'CTCJ(HRCS+HW+Hl+HRPC)'(SBARC+HRPC"TP+HI'TFI 
S +1i}yTA+HRCS'TS) 
TB - CTB. '(UB + HRPB + 1t4) "( UB"TA + HRPB"TP + H4"TF2) 
END IF 
IF (AC. GE2.8) T1i1N 
CTP-1.0 
CTB-IA 
CTC-1.02 
TP '(CTP/AIr(BI"TFI+CI"TF2+GAMMA3) 
TC -CTC/(HRCS+HW+1i1+HRPC)"(SBARC+HRPC"TP+HI"TFI 
S +liWTA+HRCS"TS) 
TB - CTByUB + HRPB + 1{4) "( UBTA + HRPB"TP + H4"TF2) 
END IF 
C"'"" TEST FOR CONVERGENCE OF TB, TP AND TC 
IF ((TP - TT'2). GT. 1.0E. 3 ) THEN 
IF ((TB - TB2) . GT. I. OE-3) THEN IF ((TC - TC2). GT. I. OEr3) THEN 
1-I+1 
GOTO101 
END IF 
END IF 
END IF 
IF (AIIS(TP. TP2ILE 1 Ali3 ) THEN 
IF (ABS{TB - TB2). L. E. 1.011-3) THEN 
IF (ABS(TC. TC2). I. E. I. OE-3) THEN 
GO T0108 
END IF 
END IF 
END IF 
C""" CONVERSION OF METRIC UNITS TO IMPERIAL UNITS "'" 
108 LPRM - L03.821 
TAPRM -(9J5'TA)-460 
TF1 PRMO- (9JS! TFI O) - 460 TF2PRMO- (915.07T20)- 460 
RHOAPRM- RiiOA"1.96F, 3 
C""" EVALUATION OF AIR VELOCITY AND MASS FLOW RATE IN THE AIR-HEATER "" 
TFI IN - TA 
TF2IN -TA 
MDOTI G- MDOTI 
MDOT2G - MDOT2 
Dlit -2"W"SII(W+Sl) 
DH2 -2"w"S2l(w+S2) 
RHOINCI -(-0.0038"(TA+6)+2.3180) 
RHOINCI - (-0.0038'(TA +3.6) + 23180) 
FFl- IJ(4'LAGIO(Kt/(3.711000"DHl))002) 
FF2-1 J(4"L. OG10(K21(3.7'1000"DH2))""2) 
If (AC. LE. 2.7) THEN 
FACTI -122 
FACT2 -131 
V t-SQRT((DH I. 49.7.16.445"RHOAPRM"LPRM"SIN(BETA)"(TFI 
PRMO-TAPRM)) 
S /(FFI"L"RHOINCi"(TFIPRMO+7JI30TAPRM ))) "FACTI 
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V2-SQRT((Diü"49.7"16.445"ROA P, M"LPRM"SIN(BETA)"(IF2PRMO-TAPRM)) 
S «FF2"L"RHOINC20(TF2PRMO +7113"TAPRM)))"FACT2 
MDOTI " RIIOINCI"SI"WVI 
MDOT2 " RIIORJ0"S29W%7 
END IF 
IF (AC. GE2. g) THEN 
FACT2-0.230 
V 1-SQ RT((INI1.49.7.16.443.2 " RHOAPRM "LPRM "SIN(BETA)"(TF I PRMO-TAPRM)) 
S 4FFI"L"RIIOINCI"(IFIPRMO+7JI3"TAPRM ))). FACT 
V2-SQRT((DIi2"49.7"16.445"2"RHOAPRM "LPRM "SIN(BETA)"(TF2PRMO-TAPRM)) 
$ 1(FF2"L"RIIOINC2'(172PRMO + 71130TAPRM)))"FACT2 
MDOTI "RHOINCI"SI"WVI 
MDOT2 -RHOINI. 52"WV2 
END IF 
IF(ABS(MDOTI-MDOTIG). GT. I. 0E-4) THEN 
IF (ABS(MDOT2-MDOT2G). GT. I AE-4)THEN 
1.1+1 
GO TO 101 
END IF 
END IF 
IF (ABS(MDOTI-MDOTIG). I. EI AE-4) THEN 
IF (ABS(MDOT2-MDOT26). LE. 1.0E-4) THEN 
IF (I. EQ. 30) THEN 
GO TO 120 
END IF 
END IF 
END IF 
END IF 
WRITE (6.65) 
WRITE (6. r'. 3(F8.3.1 X), " -2(EI2 4,1X). " " 2(F9.4,1 X))') 
$ ARI. AR7XSTAR, RAI, GEEI. TERM. TERM(i 
6S FORMAT(. -, ARI. 4X. AR2'. 6X. 7iSTAR'. 6X. 7tA1', 9)rGEE1'. 9X. 
$ TERM'. BX. TERMG) 
WRITT(6,75) 
WRITE(6, r". F7.4. - "3(E12.3.3)). " "F7.3p)TERMF. GRTI. 
S GPS. GRT2. TS 
75 FORMAT(' "TERMF, 6X. GRT1'. 11X, GPS, 14X. GRT2'. 8X, TS) 
WRITE(6.76) 
WRrrE(6. r'. 4(F73.3X), " -E10.4r)LPRM. TAPRM. TFIPRMO. 
S TF2PRMO. RIIOAPRM 
76 FORMAT(' "LPRM'. 6X. TAPRM'. 6X. TFIPRMO', 2X. TF2PRMO', 
S 7X. 1UHOAPRM) 
120 WRITE (6.27) 
WRITE(6. r-. 8(FI 1.5,1 X)nn i . R2. H3. H4, V I. V2. MDOTI, 
MDOT2 
27 FORMAT(`-'H1.9Xli2', 6X. 4i3'. 5X. 'H4', 6X. 'Vl'. 6X. 'V2', 6)C, 
S 'MDOTI'. 3X. MDOT2, ) 
WRITE(6.34) 
WRITE(6.1-. 7(F73. I X)Y)HRPC. IiRPB, HRCS. HW. UB, UEI, UE2 
34 FORMAT(' '7I RPC. SX. HRPB', 4X. 'HRCS'. 5Y NW . 6X. UB'. 5X. 
$ VEI', 6X. VE2') 
WRITE(6.44) 
WRITE (6. r-. 4(FI l. 5.3X)nPHI I. PIß2, PHI3. PHl4 
44 FORMAT( ' -'PHI I , SX, YI l . 7X. THI3*. 3Y TH14) 
WRITE (6.54) 
WRITE(6, r -. S(F73.3X)nrp. TB. TC. TFI O. TF2O 
54 FORMAT (' " . TP'. 9X. TB', 8X. M. BX. TFI O'. 6X, TF2O') RETURN 
END 
C This sub-program estimates the psychrometric properties of the drying air at the inlet and outlet of the air-heater 
subroutine sychart(tf. TAJU12. RHI. RHN. HR2. T2WB) 
double precision tt; TA. RH I . RHN. HR2 DOUBLE PRECISION RHI. PISV. PIV. H. A. B, C. D. V. F. G 
DOUBLE PRECISION TI DB. AI LF. TI DP. P. Q. R. S, Y, HRI, PATM 
DOUBLE PRECISION TI WB, FAKI. FOKI. WISTAR 
DOUBLE PRECISION A2LF, P2V. P2SV. T2DP. Rl12, T2DB, T2WB 
DOUBLE PRECISION PWS I B, PWS2B. T1 WBC. W2STAR. TI DPC, T2DPC 
DOUBLE PRECISION C8, C9, CI0. C11, CI2, C13, HFGI, HFG2 
DOUBLE PRECISION TI DBR. T2DBR. TI DBC, T'2DBC 
PARAMETER4H"0.2210584739E8, A--0.274055258361 E5, 
S D-0215321 E-4, V-. 0.462027E-8, F 0241613E1, 
S G-0.121347E-2, PATM"1.0132E5. P-6.54, Q"14526, 
S S'0.09486, Y-0.4569. R-0.7389.3-0.541894E2. 
SC- -0.451370E-I. C8- 5.8002206E3, C9"-5.516256, $ CI O--4.8640239E-2, C11-4.1764768E-5, CI2"-1.4452093E-8, 
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S C13-6345%73) 
C-- smMI the pat9od valu of if to t24b 
t2db-ef 
T1DB-TA 
WRITE (". ") TRPUT IATTLAL VALUE OF T2W111' 
READ C. ") T2%13 
WRITE ("') TI. PUT IXTTLAL VALUE OF TI W131 
READ (0.0) TI WB 
TIDBC-TIDB-273 
T2DIIC - T2D0 - 273 WRITE (! ") TNPUT VALUE OF RHl1 
READ ('') RHI 
TIDBR-TIDB'9. 'S 
FOKJ -((A+B'TI DBR+C"TI DßR"2+D'TI DBR""3+V"TI DBR""4)/ 
S (F"TID13RG"TIDBR""2)) 
WRITE ("')'FOKI: -+'. FOKI. T 
FAKI - EJO'(FOKI) 
PI SV - II'FAKt 
WRITE(! ")P1SV: -r. PISV. Ta'm"2' 
PIV -RHI"PISV 
WRITE(! ")PtV'. PIV. TIM"2' 
A1IF -LOG(PIV/1000) 
WRITE (". "rA 1 LF. AI LF; ' 
TIDP -(P4Q"AILF+R'AILF'02+S"AILF"'3+Y"(PIV/1000)""0.1984)+273 
WRITE (0.0) 71 DP: -O. TI DP. IV 
HRI -(0.62190PIV)/(PATM-PIV) 
WRITE (" ")'HR11. HRI. 'kj_wdkj a' 
TIDPC-TIDP-273 
C ESTIMATION OF TI WBPRM 
1-0 
12 IF (I. LT. 50) TI (EN 
Tl WBC-TI WB 
PWS I B-EaP(C8. TT1 WBC+273) + C9+C I0"(TI WBC+273)+ 
S C11 "(TI WBC+273)"'2+C12"(TI WBC+273)""3 
S +CI3'lAG(TIW13C+273)) 
WISTAR-(O 62198"PWS1B)'(PATM-PWSIB) 
TI WB - (2501 "Q(RI-WI STAR)+(TI DB-273)"(1.805'HRl + 1)) 
S /(1-2J81"WISTAR +4.186'HRI) 
wrilo(! ') t1 wb'dl wb 
w'rite(! 'p 
IF (TI WB GETt DßC) THEN 
TI WB - (TI DDC +TI DPC)Z 
END IF 
IF (TI WB. LETI DPC) THEN 
TI WB - (TI DBC+TI DPCY2 
END IF 
IF ((TI WB. GETI DPC)AND. (TI WB. LT. T1 DBC)) THEN 
TI Wß-(TI DPC + TI DßCY2 
END IF 
IF (ABS(TI WB-TI WBC). GT. 4.0E-1) THEN 
1-1+1 
GOT012 
END IF 
END IF 
IF (ABS(TI WB-TI WBC). LE4. OE-1) THEN 
GOTOIS 
END IF 
15 TiWBK-TIWB+273 
WRITE ("') Tl WBK: -'. TI WBK. IC 
WRITE ("') 71 DP: -+'. TI DP. TC 
WRITE (". ') ? WS 1 B1. PWS 1 B. 'N/m"2' 
IF ((TI WBK. GE273). AND. (TI WBK. LT. 339)) THEN 
HFG I -2502535.259- 2385.764244"(Tl WBK-338.72) 
END IF 
IF ((TI WBK. GE339). AND. (TI WBK. LT. 533)) THEN 
I{FG1 -SQRT(7J291559780E12 -13599596408E7"Tl 
WBK""2) 
END IF 
HR2 - HRI 
T2DBR - T2DB'9/S 
P2V - (PATM"HR2Y(HR2 + 0.6219) 
WRITE ("') P2V'. P2 V. 'N! M"2' 
A2LF - LOG(P2V/1000) 
WRITE (" "rA2LF. A2LF. '' 
T2DP -(P+Q"A2LF+R"A2IF""2+S"A2LF""3+Y"(P2V/1000)""0.1984) +273 
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P2SV " H'EXP((A+B"T2DBR+C'T2Di3R""2+D'T2DBR"03+V"T2DBR'"4y 
S (F'T2DBR! '., 'T2DBR"2)) 
kill - P2V. 72SV 
WRITE (0.0) RH21. RH2.10onmdt" 
RIN - MIAMI 
WRITE ('! I'RHN: I. RHN; 8ecitnalP 
T2DPC-TlDP-273.13 
C Emnrtron of T2WBPRAI 
J-0 
24 IF (J. LT. 10) T1iEN 
T2WBC-T2WB 
PWS2B-EXP(C8J(T2WBC+27J) + C9+c10'(T2WBC+273)+ 
S C11*(T2xBC+273r'2+C12'(T2WBC+273)"3 
S +C13'LOG(T2WBC+273)) 
W2STAR - (0 62198'PWS2B)'(PATU4 - PWSZB) 
T2WB - (2501'(IIR2-W2STAR)+(T2DB-273)'(1.805'HR2 + 1)) 
S KI-2381'W2STAR+4.186'I4R2) 
wtitc("! ) t2wb. t2wb 
IF (T2W13. GET2DBC) THEN 
7'2W1) - (T2DßC +T2DPC)2 
END IF 
IF (T2W13. LE. T2DPC) THEN 
T2WB - (T2DBC+T2DPC)2 
END IF 
IF((T2WB GET2DPC). AND. (T'2WB. LT. T2DßC)) THEN 
T2WB-T2WB 
END IF 
*nto(`. ') 12wb't2ab 
IF (ABS(T2WB-T2WBC) GT. 4. OE-1) THEN 
1-1+1 
GO TO 24 
END IF 
END IF 
IF (ABS(T2WB-T2WSC)1E. 4.0E-1) THEN 
GOTO36 
END IF 
36 T2W13K"T2W13+273 
W'RITE (! ") "RWBK. -'. T2 WBK. 7C 
iF ((T2WBK. GE273). ATD. (T2WBKLT339)) THEN 
HFG2 -2502535.259 - 2385.764244'(72 WBK-338.72) 
END IF 
IF ((T2WBK. GE339). AN). (T2WBKLT. 333)) THEN 
1iFG2 -SQRT(7.3291559780E12 -1ä599596408E7'T2WBK"2) 
END IF 
WRITE ('. ')12DP: -". T2DP. " IC 
WRITE(")TWS2B?. PWS2B. "NJM"2' 
WRITE(*: )7{FG1: -+'. IiFG1. JlicY' 
WRITE ('! )`11FG21. HFG2,7.14 
END 
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